Clemson University

TigerPrints
All Dissertations

Dissertations

August 2021

Plasmon Enhanced GaN MEMS Photoacoustic Sensors
Digangana Khan
Clemson University, digangk@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations

Recommended Citation
Khan, Digangana, "Plasmon Enhanced GaN MEMS Photoacoustic Sensors" (2021). All Dissertations.
2870.
https://tigerprints.clemson.edu/all_dissertations/2870

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been
accepted for inclusion in All Dissertations by an authorized administrator of TigerPrints. For more information,
please contact kokeefe@clemson.edu.

PLASMON ENHANCED GaN MEMS
PHOTOACOUSTIC SENSORS
A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Electrical and Computer Engineering

by
Digangana Khan
August 2021

Accepted by:
Dr. Goutam Koley, Committee Chair
Dr. William R. Harrell
Dr. Apparao M. Rao
Dr. Judson Douglas Ryckman

ABSTRACT
This dissertation aims to repot the demonstration of strong enhancement in
photoacoustic signal due to plasmonic absorption and highly sensitive detection of trace
level analytes utilizing the plasmonic enhancement of photoacoustic signal using
piezotransistive GaN microcantilevers. A pulsed 790 nm laser focused on the Au
metallization of the piezotransistor resulted in a high amplification of photoacoustic signal
compared to the non-metallized areas. Upon deposition of 5 nm Au layer, the photoacoustic
signal increased significantly for both previously metallized and non-metallized areas,
while 2 nm Ni deposition decreased the photoacoustic signal, confirming the role of Au
nanostructures in facilitating plasmonic absorption. Infrared microscopy images covering
the boundary of Au metallized and non-metallized surface indicated a much larger rise in
temperature of the former region with laser exposure, explaining the generation of
photoacoustic signals through plasmonic absorption. Photoacoustic detection of H2 and
NH3 using plasmonic excitation in Pt and Pd decorated GaN piezotransistive
microcantilevers has been investigated using pulsed 520 nm laser illumination. The sensing
performances of 1 nm Pt and Pd nanoparticle (NPs) deposited cantilever devices have been
compared, of which the Pd coated sensor devices exhibited consistently better sensing
performance, with lower limit of detection and superior SNR values, compared to the Pt
coated devices. Among the two functionalization layers, Pd coated devices were found to
respond only to H2 exposure and not to NH3, while Pt coated devices exhibited repeatable
response to both H2 and NH3 exposures, highlighting the potential of the former in
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performing selective detection between these reducing gases. Optimization of the device
biasing conditions were found to enhance the detection sensitivity of the sensors. Detection
of H2 using plasmonic amplification of photoacoustic waves generated in Pd nanoparticle
deposited GaN piezotransistive microcantilevers has been investigated in detail using a
pulsed 520 nm laser. Using 1.5 nm thickness of Pd functionalization layer, H2 detection
down to 1.5 ppm was demonstrated with a high signal-to-noise ratio, underscoring the
feasibility of sub-ppm level detection using this novel sensing method. Adsorption of H2
in Pd nanoparticles (NPs) changes their plasmonic absorption spectra due to Pd lattice
expansion, in addition to changing their work function. The high sensitivity exhibited by
the photoacoustic based H2 detection method is attributed to a combination of changes in
plasmonic spectrum and work function of Pd NPs, and was observed to be a strong function
of Pd thickness, biasing conditions and probe laser power. A comparison of the
photoacoustic based detection technique with traditional chemi-diode and chemi-resistor
sensors, integrated in the functionalized piezotransistor, indicated a superior detection
performance of the former.
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Chapter 1

Introduction
Micro/Nano Electromechanical Systems (M/NEMS) have emerged as a multi-billion
dollar segment of today’s semiconductor industry over the last decade. It has advanced,
evolved, and matured as a technology since Dr. Richard Feynman’s visionary “there is
plenty of room at the bottom” speech in 1959. Especially today, in the era of technological
boom, where MEMS are an integral part of the smart phone machinery, high speed
communications, and autonomous driving,
the need of faster, more robust, and more
resilient MEMS material is undeniable. GaN
is the only wide bandgap semiconductor that
has

found

its

nice

in

microwave

communication. It has a relatively strong
piezoelectric and piezoresistive properties
and can be grown with high quality on silicon

Figure 1.1 Venn diagram showing the 3
overlapping disciplines of this work

substrates. Addition of aluminum gallium nitride (AlGaN) to the GaN on silicon stack
makes builds a heterostructure with a two-dimensional electron gas (2DEG) formed
between the GaN and AlGaN interface. [1] The formation of 2DEG opens avenues for a
variety of new applications by enabling high electron mobility transistors (HEMTs),
especially in the fields of 5G, IoT and autonomous driving. Being a wide bandgap
semiconductor, it is also capable of withstanding high power and harsh environmental
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conditions. GaN MEMS can drive high power required for electric vehicles with very
speed. [2] To utilize the full potential of GaN MEMS they can be applied as highly sensitive
sensors. Using their unique piezoelectric properties, they have been reported to act as
highly sensitive transducers that can be applied in photoacoustic (PA) detection, where the
MEMS structures are oscillated using an acoustic signal generated due to periodic
absorption of light from a pulsed laser source. [3] To enhance the strength of the PA
excitation generated, plasmonic absorption in metal nanoparticles can be used, where the
conduction electrons of the metal nanostructures can interact and trap a sub-wavelength
light. [4] In this work, we have investigated the PA detection of analytes using GaN
MEMS, while utilizing the plasmonic amplification of signal in metal nanostructures. This
work is, therefore, an overlap of three different disciplines namely, GaN MEMS, PA
detection and plasmonics (as shown by the Venn diagram in Figure 1.1) For better
understanding, each of these three disciplines is introduced separately.

1.1 Photoacoustic Detection basics

Figure 1.2 (a) Schematic explaining the generation of photoacoustic signal from a pulsed laser
beam following periodic absorption by an analyte. (b) Shows an application of photoacoustic
spectroscopy in detecting a target inside blood vessel. [8]
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In recent years, photoacoustic (PA) spectroscopy has emerged as an attractive
technique with strong potential applications in chemical and biological sensing with high
sensitivity and selectivity.[5-7] The technique is based on the detection of ultrasonic waves
generated in a medium due to absorption of intensity modulated light energy (typically
from a laser) causing periodic change in temperature. Similar to Fourier Transform Infrared
Spectroscopy (FTIR) (but different from it due to its zero background nature), this
technique utilizes different infrared (IR) absorption (causing proportionally different
amplitude of the acoustic signal) by the chemical and biological analytes at different
wavelengths, resulting in unique signatures that can be utilized to perform specific
detection. A schematic demonstrating the principles of photoacoustic spectroscopy is show
in Fig. 1.2(a). A pulsed optical source, usually a laser, is directed to a closed cell containing
a sample. Periodic absorption of pulsed optical power by the sample molecules results in
periodic expansion and contraction in the sample, which leads to the generation of acoustic
wave. The modulation frequency of the optical source defines the frequency of the
generated acoustic wave. [8, 9] Sound waves thus created are transduced into electric signal
by an acoustic detector, for example a condenser microphone. The signal can be seen in
the spectrum as a peak at a particular signature modulation frequency. Due to the highly
sensitive and selective nature of this method, it is useful in military defense applications
[10] and in detecting gas leak [11] and in biomedical imaging [12]. An example of in vivo
photoacoustic spectroscopy in detecting a label free single absorbing target in blood flow
in Fig. 1.2(b).
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The traditional PA detection systems are chamber based and the common detector
used is a microphone. Schematic of one such system is shown in Fig. 1.2. However, a
microphone has several limitations in terms of low sensitivity, low selectivity, low signal

Figure 1.3 Chamber-based PA detection technique, where PA wave is generated by an analyte
inside a chamber through periodic absorption of light from a pulsed laser source. The PA
pressure is detected using a microphone [9]

to noise ratio (SNR), limited dynamic range and bulky setup. Recent studies have
demonstrated that microcantilevers can offer orders of magnitude higher detection
sensitivity in resonant mode due to quality factor enhancement.[13, 14] In addition, with
the emergence of highly sensitive piezoresistive and piezotransistive microcantilevers,
cumbersome optical means of detecting nano and picoscale deflection can be avoided and
the photoacoustic detection system can be dramatically scaled down.
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1.2 Piezoresistive and Piezotransistive Microcantilevers
A microcantilever, which is a special case of classical Euler-Bernoulli beam,
resembles a tiny diving board, with one free end and the other clamped [15, 16]. There are
several shapes of cantilever, but the most common shape is rectangular. To utilize
cantilevers as sensors, the mechanical movement of the microcantilever is quantified using
a suitable readout scheme or transduction mechanism, by transforming oscillation into any
measurable electrical quantity. Among several transduction mechanisms, optical
transduction has been the most popular technique for deflection transduction of cantilevers.

Figure 1.4. (a) SEM image of an AFM tip. (b) Schematic showing the optical readout system
used in an AFM.

[16] One such application is as the atomic force microscopy (AFM) tip an Sem image of
which is shown in Fig. 1.3 (a). The optical readout scheme for the AFM tip e is shown in
Fig 1.3(b), where a laser is pointed on the top of cantilever tip and as the cantilever scans
the surface topography of the sample, the movement of the cantilever tip sensed by a
position sensitive photo detector (PSPD) through the movement of the reflected laser beam.
However, this readout technique, besides being heavy duty and bulky, also suffers from
reliability issues, especially when the cantilever is small [17, 18]. Other popular
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transduction mechanism includes capacitive transduction where the cantilever acts as one
of the plates of a parallel plate capacitor and any deflection of the cantilever would result
in a change in capacitance. [19] This offers high resolution deflection sensing which can
be further improved by incorporating vacuum. Another popular technique is piezoresistive
transduction that utilizes the change in electrical resistance in conductive and
semiconductive material with an applied stress. The maximum strain due to tip deflection
of a cantilever occurs at the base hence, the resistance at the cantilever forms the
piezoresistor that changes following Poisson’s formula upon application of stress. While
the miniaturization and sensitivity of this scheme are definite advantages, there are several
disadvantages of such piezoresistor that severely limit their performances; non-linear
relationship [17], poor sensitivity, electronic and conductance fluctuation noise, no
tunability etc. being a few of them. Fig. 1.5(a) show the SEM image of an array of
piezoresistive Si microcantilevers used in detection of explosives, where the resistance at
the base changes due to the changes in stress upon analyte deposition [20]. The sensitivity
of such microcantilevers is determined using gauge factor (GF), [21] which is a common

Figure 1.5. (a) SEM image of Si piezoresistive microcantilevers with resistance element
embedded at the base. [20] (b) SEM image of piezotansistive microcantilevers with
AlGaN/GaN heterostructure based HFET embedded at the base.
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metric for strain sensitive devices. GF measures the fractional change in resistance per unit
strain. Higher the GF, more is the sensitivity of the device.
By embedding a transistor in place of a resistor, at the base of the microcantilever
(henceforth to be called a ‘piezotransistive’ microcantilever) to transduce its deflection,
sensitivity can be enhanced by orders of magnitude [22, 23]. Since the gate bias is utilized
to control the charge carrier density and the mobility of the carriers in the channel.
Recently, metal oxide semiconductor field effect transistor (MOSFET) integrated Si
cantilevers have been proposed with the goal of achieving very high deflection sensitivity
while avoiding the challenges associated with the aforementioned techniques [22, 24].
However, Si-based piezotransistive microcantilevers are theoretically incapable of
exhibiting direct sensitivity enhancement through gate control, since the piezoresistive
effects in Si originate from the variation in carrier mobility (due to strain-related splitting
of the conduction band minima energy levels [25]) and not in carrier density. This can be
overcome by using piezotransistive cantilevers made of piezoelectric materials, where the
charge density varies under the influence of deflection-induced strain to exhibit high
sensitivity with very high repeatability. AlGaN/GaN heterojunction [26] exhibit strong
piezoelectric properties that generates static piezoelectric charge at the AlGaN/GaN
interface, which creates a two dimensional electron gas (2DEG) at the heterojunction
interface. This provides the unique opportunity to translate the static piezoelectric charge
due to applied strain into a change in resistance of the 2DEG since the generated
piezoelectric charge can proportionately modulate the density of the 2DEG [1, 23, 27]. In
addition to changing the carrier density, the applied strain can also modify the carrier
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mobility by changing their effective mass [1, 23, 27, 28]. The functioning, working
principles and high sensitivity of an AlGaN/GaN heterojunction field effect transistor
(HFET) embedded piezotransistive transduces have been discussed in detail in the
following chapters. Figure 1.5(b) shows the SEM image of a GaN microcantilever with
AlGaN/GaN HFET embedded at the base.

1.3 Basics of Plasmonics
Plasmons are coherent and collective electron oscillations confined at the dielectric–
metal interface (also known as surface plasmons). [4] A plasmonic interaction happens
when the electromagnetic radiation and conduction electrons at metallic interfaces or in
small metallic nanostructures interchange energy that leads to an enhanced optical near
field of sub-wavelength dimension. This results in confinement of electromagnetic fields
over dimensions on the order of or smaller than the wavelength. The most unexpected or
surprising aspect of this phenomenon is that even metals (discontinuities or sub-wavelength
structure) can interact with light, eventually causing to couple with it or trap it. These
excitations can either propagate in a form of evanescence wave (surface plasmon polaritons
or SPP) or they can be non-propagating (Localized surface plasmons or LSP). [4] We will
see that these modes arise naturally from the scattering problem of a small, sub-wavelength
conductive nanoparticle in an oscillating electromagnetic field. The mathematical
description of these surface waves was established in the 20th century in the context of
radio waves propagating along the surface of a conductor of finite conductivity
[Sommerfeld, 1899, Zenneck, 1907] [29-31]. Conventionally, SPs are investigated inside
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metals, such as noble metal gold and silver, with an abundant amount of free electrons and
resonance wavelength located in the visible and near-infrared regions. Usually the plasmon
frequency ωp is given by [32]
4π𝑁𝑁𝑒𝑒 2

ω𝑝𝑝 = � ε

∝

1⁄2

�
𝑚𝑚∗

(1.1)

where N is the density of carriers (electrons or holes), m* is the effective mass of carriers.
One can easily find that ωp is proportional to square root of N. For noble metal
nanoparticles, typical value of N is 1022–1023 cm−3 and the plasmon resonance wavelength
is in the near infrared (NIR) and visible region. For doped semiconductors, typical value
of N is 1016–1021 cm−3 and the plasmon wavelength is in the THz and NIR region.
The dielectric permittivities of plasmonic materials are defined by a Drude
model[33]:
ω

2

𝑝𝑝
ε𝑚𝑚 (ω) = ε∝ − (ω2+𝑖𝑖
γω)

(1.2)

Where ε∝ is the high-frequency permittivity limit, ωp is the plasma frequency and γ is the
electron collision frequency. What sets plasmonic materials aside from dielectrics is the
fact that the real part of the Drude permittivity becomes negative below a certain frequency.
The mathematical model also reveals that the surface plasmon is sensitive to the dielectric
environment or refractive index changes around metallic structures. This principle has
attracted tremendous attention and has been utilized profusely in optical sensing. Both SPP
[34] and LSP [35, 36] based sensors are sensitive to changes in the local dielectric
environment that occur upon binding or adsorption of analyte on the surface. This enables
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the sensors to transduce the binding event without labels (i.e., chromophore and
fluorophore) unlike conventional optical sensors. In case of LSP sensors, the curved
surface of the particle exerts an effective restoring force on the driven electrons, so that a
resonance can arise, which creates an amplification of the electromagnetic field. This
resonance is called the localized surface plasmon or short localized plasmon resonance
(LSPR). Another advantage of the curved surface is that plasmon resonances can be excited
by direct light illumination, in contrast to propagating SPPs, where the incident field has
to be phase-matched with the plasmons. Moreover, the resonance conditions in case of
LSPR can be easily tuned changing the shape, size, and composition of the nanoparticles,
thereby adding more advantages over SPP based sensors. For this reason, LSPR-based
nanosensors have been extensively popular among researchers and many works have been
reported on developing high-performance detection of biological and chemical analytes
[35-37]. The basic detection scheme of these sensors involves shift in plasmon resonance
caused by the specific binding of analyte molecules.
Moreover, due to their ability to localize and guide light at the nano scales, LSPR has
also been utilized in opto-electronic devices to enhance absorption. Especially by
incorporating nanoparticles of varying shape and size, the resonance conditions are varied
therefore enabling enhancement in absorption over wide a wide spectrum [38, 39]. Hence,
LSPR can be utilized in amplifying absorbance at the same time as the sensing agent for
an analyte through surface binding. Benefitting from the inherent subwavelength nature of
spatial profile, surface plasmons can greatly accumulate the optical field and energy on the
nanoscale and dramatically enhance various light–matter interactions.
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Figure 1.6 Schematic representation of basic detection scheme in SPP and LSP based
nanosensors.

1.4 Motivation
There is a universal and perpetual need for more efficient and accurate sensors for
toxic and flammable gases such as H2 and NH3. H2 is a highly flammable gas that forms
an explosive mixture with air at 4.65 vol. % [40], while NH3 is a highly toxic gas that has
wide usage as a fertilizer and in the manufacturing of plastics and textiles [30]. Hence,
constant monitoring of H2 and NH3 (which can sometimes be produced and present at the
same time) with high sensitivity is of extreme importance [40-42]. The most common
sensing mechanism for such gases is functionalized chemi-resistors [43] or Schottky diodes
[44][45]. Metals like Pt and Pd are widely used as the functionalization layer or as the
Schottky metal because of their unique capability of adsorbing H2 [46-48] on the surface,
directly or after dissociating NH3 [49-51]. This process modifies the surface work function
of the metal-substrate or the Schottky contact, which can be measured in terms of change
in resistivity in chemi-resistors, or as a change in the Schottky barrier in chemi-diodes.
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However, these sensors suffer from several limitations e.g. thermal instability of the
Schottky contacts [52] and degradation of the contact due to exposure to chemicals and
poisoning [53].
Microelectromechanical system (MEMS) and Nanoelectromechanical system
(NEMS) devices have been extensively used as physical sensors for measurement of
various physical parameters including acceleration, mass, pressure, temperature, strain and
radiation [54-60]. It has also been utilized in recent years for detection of chemical and
biological analytes utilizing functionalized surfaces [61]. The detection methods with
functionalized surfaces typically involve physisorption or chemisorption of analyte
molecules at the surface causing simple dipolar work function change (physisorption) or
charge exchange through bond formation (chemisorption). Both the sorption processes can
change the surface work function which can be utilized for highly sensitive detection of
gases. The use of piezotransistive cantilevers utilizing AlGaN/GaN heterostructures has
attracted significant research interest in recent years because of their superior sensitivity in
detecting toxic gases and volatile compounds and for several other advantages like their
applications in harsh environment and power electronics [62-64]. Moreover, AlGaN/GaN
Heterojunction based Field Effect Transistors (HFETs), when embedded at the base of a
GaN microcantilever, can be used as displacement transducers with much higher (10 – 100
times) Gauge Factor (GF) than the best reported values (~ 100) [65, 66] in their Si
counterparts utilizing their unique piezoelectric properties which is then implemented in
highly sensitive photoacoustic (PA) detection of analytes [67-70]. In 2015, Talukdar et. al.
demonstrated femtoscale level of deflection transduction in ultra-high sensitive PA
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detection of explosives utilizing AlGaN/GaN heterojunction field effect transistor
integrated GaN microcantilevers [71].
Plasmonic nanoparticles (NPs) have been used to enhance absorption in optoelectronic devices to amplify their performance [72-74]. Recently, we have reported on the
usage of plasmonic NPs to enhance the sensor signal up to 2 orders of magnitude in GaN
micocantilevers [75]. These NPs, besides enhancing the sensor performance can also act
as the functionalization layer in sensing analytes like such as H2 [76]or NH3 [77-79] and
has been extensively utilized in surface plasmon resonance (SPR) based sensors. These
sensors offer the unique advantage of non-contact sensing enabling high temperature or
harsh environment detection of analytes [80, 81], which is a distinct limitation of chemiresistors or chemi-diodes. However, SPR based sensors monitor the change in the optical
properties of the NPs due to the analyte adsorption that involves cumbersome instruments
like polarizers or spectral analyzers. By using the plasmonic nanolayer in GaN
microcantilevers, the change in the plasmonic excitation modifies the strength of the PA
wave generated which is then measured in terms of an electrical signal at the HFET output,
providing a distinct advantage over the traditional SPR sensing methods, with a much
simpler readout technique. Hence, the motivation behind this work is to combine the best
of GaN MEMS, photoacoustic detection and Plasmonic absorption based enhancement to
enable highly sensitive detection of analytes.
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1.5 Outline of Dissertation
The rest of the dissertation is broken down into several chapters. A brief description of
each chapter is discussed below.
Chapter 2 describes the physics behind piezoelectricity in AlGaN/GaN heterostructures
and how piezoelectric transduction is possible using AlGaN/GaN HFET embedded GaN
microcantilevers.
Chapter 3 discusses the fabrication process, the electrical and mechanical characterization
techniques and analysis of those details of a GaN microcantilever.
Chapter 4 elucidates strong enhancement in photoacoustic signal due to plasmonic
absorption in Au nanostructures and detection of that signal using GaN microcantilevers.
It also presents a model explaining the plasmonic absorption-based enhancement of
photoacoustic signal.
Chapter 5 reports the photoacoustic detection of H2 and NH3 using plasmonic excitation in
Pt and Pd decorated GaN piezotransistive microcantilevers using pulsed 520 nm laser
illumination. Discusses detail investigation of Pd nanostructure based H2 detection in
AlGaN/GaN heterostructure based GaN microcantilevers.
Chapter 6 covers the first ever demonstration of Ga2O3 thin film based later Schottky
barrier diode structure to withstand higher breakdown field, when compared to vertical
counterpart.
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Chapter 7 discusses the first ever demonstration of GaN microcantilever based UV
detection. Includes preliminary responsivity and power performance values.
Chapter 8 summarizes the contributions of this work and finally conclude the dissertation
with future prospects and development of this research.
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Chapter 2

Theory of AlGaN/GaN Heterojunction
Based Deflection Transduction
In order to understand the working of the AlGaN/GaN heterostructure based
piezotransistive microcantilevers, it is important to discuss the underlying physics behind.
In this chapter, we discuss the crystal structure of GaN, formation of 2-dimensional
electron gas (2DEG) at the interface of AlGaN and GaN heterostructure. It also explains
how the piezotransduction is achieved with the GaN microcantilevers, where the
mechanical deflection of the microcantilever would translate to a change in HFET channel
resistance.

2.1 III-Nitride Crystal Structure
In a thermodynamically stable state, both AlN and GaN have a wurtzite crystal
structure. The wurtzite structure comprises of two interpenetrating hexagonal close-packed
lattices displaced by 3/8c0. As shown in the atomic structure in Figure 2.1, each atom is
tetrahedrally bonded to four atoms of the other type. The primitive unit cell is a simple
hexagonal with a basis of four atoms, two of each kind. This structure lacks inversion
symmetry along the [0001] direction, resulting in all atoms on the same plane at each side
of a bond being the same. For this reason, a GaN crystal can have two distinct faces, the
Ga-face and the N-face, as shown in Figure 2.1.[1] The red arrow indicates the direction of
polarization field. The three parameters of a wurtzite crystal are also indicated in Fig. 2.1;
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edge length of the basal hexagonal plane (a0), the height of the hexagonal lattice cell (c0),
and the cation-anion bond length ratio (u0). The substrcipt ‘0’ indicates equilibrium
condition. In an ideal wurtzite crystal, the ratio c0/a0 would be 1.6330 (= √8/3) and u0 would
equal to 0.375. Due to the differences in metal cations and bond lengths, this ratio deviates
from the ideal values in III-V crystals. This non-ideality factor determines the polarization
field strength in the crystal. Table 2.1 shows the parameters for three different materials
and from the c/a ratio values, AlN, InN seem to have higher asymmetry compared to GaN
(boldened).

Figure 2.1 Atomic arrangement in Ga-face and N-face GaN crystals. The arrow pointing from
N to Ga atom shows the direction of the spontaneous polarization.
Table 2.1 Lattice parameters of wurtzite III-V nitrides at 300 K.

a

Ref.[3], bRef.[8], cRef.[2]
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2.2 Spontaneous and Piezoelectric Polarization in III-Nitrides

Figure 2.2 Generation of polarization due to deviation of the c0/a0 ratio from ideal value (from

reference 97).

Due to the high electronegativity of nitrogen, the metal-nitrogen covalent bond in
III-Nitride has stronger polarity compared to other III-V covalent bonds, which creates a
strong macroscopic polarization field in AlN, GaN or InN. The strength of the polarization
field depends on the deviation of c0/a0 ratio from the ideal value. [1] The 4 covalent bonds
of the tetrahedral structure that contribute towards generating the polarization field are
shown in Fig. 2.2. As the c0/a0 ratio decreases from the ideal value, these three covalent
bonds will be at a wider angle from the c-axis (as shown in Fig. 2.2), and their resultant
compensation polarization will decrease, giving rise to a stronger macroscopic
polarization. Since this polarization is produced purely due to inherent crystal properties
Table 2.2 The dependence of spontaneous polarization on the c0/a0 ratio (Ref. [1])
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and without any externally applied strain, it is called spontaneous polarization (PSP). Table
2.2 lists the PSP values in AlN, GaN and InN.
Under any external stress, the ideal c0 and a0 of the crystal structure will change to
accommodate the new stress, thereby changing the polarization strength. This additional
polarization in strained III-nitride crystals is called piezoelectric polarization (PPE).[2] In
the absence of external electric fields, the total macroscopic polarization P of a GaN or
AlGaN layer is the sum PSP and PPE. If, for example, the nitride crystal is under biaxial
compressive stress, a0 will decrease and c0 will increase, making the c0/a0 ratio to increase
towards the ideal lattice, which will decrease the polarization strength of the crystal; as the
PPE and PSP will act in opposite directions. For tensile stress, opposite things will occur and
the net polarization will increase. The strength of PPE is calculated with the piezoelectric
coefficients e33 and e31 (Table 2.2) using the following relation: [3]
𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑒𝑒33 ε𝑧𝑧 + 𝑒𝑒31 (ε𝑥𝑥 + ε𝑧𝑧 )

(2.1)

Where εz , εx and εy are the strain along z (along c-axis) and x and y (in plane) direction. εx
and εy are assumed to be isotropic. Individual strains are calculated using the following
equations:

ε𝑧𝑧 =

𝑐𝑐 − 𝑐𝑐0
𝑐𝑐0

, ε𝑥𝑥 = ε𝑦𝑦 =

Where a0 and c0 are the equilibrium lattice constants.

𝑎𝑎 − 𝑎𝑎0
𝑎𝑎0

(2.2)

The different lattice constants are related using elastic constants with each other:
𝐶𝐶

ε𝑧𝑧 = −2 𝐶𝐶13 ε𝑥𝑥
33
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(2.3)

Where C13 and C33 are elastic constants (Table 2.2). Equations 2.1 and 2.3 can be combined
to obtain the following relation:[3]
𝑎𝑎− 𝑎𝑎0

𝑃𝑃𝑃𝑃𝑃𝑃 = 2 �

𝑎𝑎0

𝐶𝐶

� �e31 − 𝑒𝑒33 𝐶𝐶13 �

(2.4)
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2.3 Theory of 2DEG Formation at AlGaN/GaN Heterojunction
The 2-dimensional electron gas (2DEG) is formed at the AlGaN/GaN heterojunction
and is trapped in the quantum well formed at the interface due to the conduction band
discontinuity. [1, 2, 4] This 2DEG is formed without any intentional doping and purely due
to the polarization properties of the GaN lattice. If the polarization P changes in space, then
there will be a charge density associated with such a change following the relation given
below:

ρ = −∇. 𝑃𝑃

(2.5)

As discussed in the previous sections (Fig. 2.1), the polarization field is directed along the
[0001] axis and hence, perpendicular to the heterostructure interface, which gives rise to a
bound sheet charge (σint) at he interface (given by the following formula):

σ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡,𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

(2.6)

= (𝑃𝑃𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃𝑃𝑃 )𝐺𝐺𝐺𝐺𝐺𝐺 − (𝑃𝑃𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃𝑃𝑃 )𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

This bound charge, which is induced by a change in polarization, will attract compensating
mobile charge at the interface.
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GaN will have only spontaneous polarization component in the layer. However, AlGaN
will have both spontaneous and piezoelectric polarization, as a pseudo-morphically grown
AlGaN layer will be strained. [1, 2] Hence, find out more about the bound charge, the
physical properties of AlGaN layer would have to be determined in terms of the Al mole
fraction (x) (assuming linear interpolation between the physical properties of GaN and
AlN). Below are a few physical properties of AlGaN, expressed as a function of Al mole
fraction (x) (see tables 2.1 and 2.2):[1]
Lattice constant:
Piezoelectric constants:

Elastic constants:

𝑎𝑎(𝑥𝑥) = 3.189−0.077𝑥𝑥 (Å)

(2.7)

𝑒𝑒31 (𝑥𝑥) = −0.49 − 0.11𝑥𝑥 (C/m2)

𝑒𝑒33 (𝑥𝑥) = 0.73 + 0.73𝑥𝑥 (C/m2)

(2.9)

𝐶𝐶33 (𝑥𝑥) = 405 − 32𝑥𝑥 (GPa)

(2.11)

𝐶𝐶13 (𝑥𝑥) = 103 + 5𝑥𝑥 (GPa)

Spontaneous polarization: 𝑃𝑃𝑆𝑆𝑆𝑆 (𝑥𝑥) = −0.029 − 0.052𝑥𝑥

(2.8)

(2.10)

(2.12)

So, polarization induced sheet charge density (from equations 2.4-2.12) as a function of Al
mole fraction (x) would be:

σ𝑖𝑖𝑖𝑖𝑖𝑖 = (𝑃𝑃𝑆𝑆𝑆𝑆 )𝐺𝐺𝐺𝐺𝐺𝐺 − (𝑃𝑃𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃𝑃𝑃 )𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
= 𝑃𝑃𝑆𝑆𝑆𝑆 (0) − 𝑃𝑃𝑆𝑆𝑆𝑆 (𝑥𝑥)− 2

𝑎𝑎(0)− 𝑎𝑎(𝑥𝑥)
𝐶𝐶13 (𝑥𝑥)
�𝑒𝑒31 (𝑥𝑥)− 𝑒𝑒33 (𝑥𝑥)
�
𝑎𝑎(𝑥𝑥)
𝐶𝐶33 (𝑥𝑥)
(2.13)
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Free electrons tend to compensate the high positive polarization induced sheet charge at
the AlGaN/GaN interface for Ga(Al)-face or at the GaN/AlGaN interface for N-face
material. Figure 2.3 shows the conduction band diagram, and charge densities at the
interface and the surface. The maximum sheet carrier concentration located at these
interfaces can be given as,[1]
𝑛𝑛𝑠𝑠 (𝑥𝑥) =

σ𝑖𝑖𝑖𝑖𝑖𝑖 (𝑥𝑥)
𝑞𝑞

ε0 ε(𝑥𝑥)
� �𝑞𝑞φ𝑏𝑏 (𝑥𝑥) + 𝐸𝐸𝐹𝐹 (𝑥𝑥)−∆𝐸𝐸𝐶𝐶 (𝑥𝑥)�
−�
2
𝑑𝑑𝑞𝑞

(2.14)

Where σint is the bound polarization sheet charge, q is the electron charge, ε0 is the
permittivity of free space, ε(x) is the relative dielectric constant of AlGaN, d is the thickness
of the AlGaN layer. φb is the Schottky barrier height, EF is the Fermi level at the
heterointerface with respect to the GaN conduction band edge, and ΔEc is the conduction
band offset at the AlGaN/GaN interface. To determine the sheet carrier concentration from
the polarization induced sheet charge density from Eq. (1.14), we use the following
approximations:[1]

ε(𝑥𝑥) = 9.5 − 0.5𝑥𝑥

(2.15)

φ𝑏𝑏 (𝑥𝑥) = 0.84 + 1.3𝑥𝑥

(2.16)

The Fermi energy level can be expressed as,

𝐸𝐸𝐹𝐹 (𝑥𝑥) = 𝐸𝐸0 (𝑥𝑥) +

π ħ2

𝑚𝑚∗ (𝑥𝑥)
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𝑛𝑛𝑠𝑠 (𝑥𝑥)

(2.17)

where the ground sub-band level of the 2DEG is given by,

𝐸𝐸0 (𝑥𝑥) = �
(2.18)

9πħ𝑞𝑞 2

2

𝑛𝑛𝑠𝑠 (𝑥𝑥) 3

8ε0 �8𝑚𝑚∗ (𝑥𝑥) ε(𝑥𝑥)

�

and the electron effective mass as 𝑚𝑚∗ (𝑥𝑥) ≈ 0.22𝑚𝑚0 . ∆EC can be approximated by [5]:
𝐸𝐸𝑔𝑔 (𝑥𝑥) = 0.7(𝐸𝐸𝑔𝑔 (𝑥𝑥)−𝐸𝐸𝑔𝑔 (0))

(2.19)

where the bandgap of AlGaN was experimentally determined to be [6]:
𝐸𝐸𝑔𝑔 (𝑥𝑥) = 6.13 + 3.42(1− 𝑥𝑥)− 𝑥𝑥(1− 𝑥𝑥)

(2.20)

Figure 2.3 (a) Conduction band diagram (b) sheet charge densities at the surface and interface
of AlGaN/GaN heterostructure.
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2.4 Deflection transduction

Figure 2.4 (a) Cantilever schematic at relaxed (position 1) and bent condition (position 2),
showing the HFET embedded at the base. AlGaN/GaN heterojunction block diagram showing
the interface charge density (σint) and sheet carrier density (ns) at (a) relaxed and (b) bent
condition.

The piezoelectric properties of the AlGaN/GaN heterojunction are utilized in
transducing cantilever deflection into electrical signal. This mechanism can be explained
using the simple cantilever schematic and the AlGaN/GaN block diagrams in Figure 2.4.
Fig. 2.4(a) shows a schematic of a cantilever device that has an AlGaN/GaN HFET at the
base. The block diagram shown in Fig. 2.4(b) corresponds to cantilever relaxed position or
position 1 and the block diagram in Fig. 2.4(c) correspond to the cantilever bent position
or position 2. The block diagrams represent the AlGaN/GaN heterostructure with PSP and
PPE fields shown with red arrows. The interface charge density and sheet carrier density at
position 1 is denoted by σint and ns, respectively. When the cantilever is deflected to
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position 2, the AlGaN layer comes under tensile strain, which induces piezoelectric
polarization in the AlGaN layer. This additional polarization field in the AlGaN layer is
compensated with extra ∆σ amount of interface charge density. This difference in interface
charge density is reflected in the 2DEG sheet carrier density by ∆ns. [7] This increment in
the 2DEG sheet carrier density or conducting channel carrier density of the HFET is
reflected in terms of reduction in drain-source resistance (RDS) of the HFET. If a constant
current (IDS) is maintained between the drain and source terminal, the change in RDS (∆RDS)
can be measured in terms of change in drain-source voltage (∆VDS). Hence, any deflection
of the cantilever is transduced into a change in electrical signal (∆VDS) when a constant IDS
is flown, utilizing the piezotransistive GaN microcantilevers.
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Chapter 3

Piezotransistive Microcantilevers Based
Photoacoustic Spectroscopy

3.1 Introduction

The micro- and nano-electromechanical systems (MEMS/NEMS) have emerged as
a multi-billion dollar industry for its myriad of applications in several booming files like
high speed communications (5G), internet of things (IoT), automotive etc. [1] due to its
ultrahigh detection sensitivity, high speed of operations, capability of consuming low
power or withstand very high power, catered towards the applications. [1] Micro and
nanocantilevers, as MEMS/NEMS transducers, are particularly popular in sensing
applications. Although optical transduction of cantilever deflection is almost exclusively
used to achieve high deflection sensitivity (in the femtometre range), it is limited by several
parameters, e.g. high power requirement, difficulties in miniaturization and array-based
operation. [2] Although, Si-based piezoresistive microcantilevers, [3-5] can be easily
integrated for array-based operation, they suffer from low sensitivity. [6] Embedding a
transistor at the base of the microcantilever (henceforth to be called a ‘piezotransistive’
microcantilever), in place of a resistor, can dramatically improve the deflection sensitivity
by orders of magnitude. [7, 8] The reason behind this high sensitivity is the use of gate to
control the charge carrier density, as well as the mobility of the carriers in the channel. Si-
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based piezotransistive microcantilevers are theoretically incapable of exhibiting direct
sensitivity enhancement through gate control, since the piezoresistive effects in Si originate
from the variation in carrier mobility due to strain-related splitting of the conduction band
minima energy levels. [9] On the other hand, piezotransistive cantilevers made of
piezoelectric materials can directly utilize the charge density variation caused by the
deflection-induced strain to exhibit high sensitivity with very high repeatability. Due to
strong piezoelectric properties of AlN and GaN, AlGaN/GaN heterojunction, [10] provides
a unique avenue to translate the static piezoelectric charge generated at the interface due to
applied strain into a change in resistance of the two-dimensional electron gas (2DEG)
formed at the interface [10, 11] since the generated piezoelectric charge can proportionately
modulate the density of the 2DEG. [8, 10, 11] In addition to changing the carrier density,
the applied strain can also change the carrier mobility by changing their effective mass. [8,
10-12] The utility of AlGaN/GaN heterojunction-based piezoresistor (for step bending and
dynamic deflection measurements) and piezotransistor (for static deflection measurements)
has been demonstrated [8, 12, 13] however, the effect of gate in enhancing displacement
sensitivity down to femtometre range in high frequency dynamic deflection mode, with
subsequent applications in unique analyte detection, has never been realized.
In this chapter, we discuss the theory of cantilevers and the fabrication process of
the cantilever devices, the characterization techniques to determine the basic functioning
and sensitivity of devices through analysis of their the electrical and resonance
characteristics. The high sensitivity of deflection transduction (down to femtoscale level)
using the AlGaN/GaN HFET is also discussed in detail. Analyte detection by combining
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microcantilevers based transducers is also investigated.

3.2 Theory of Microcantilevers

A cantilever is a special case of classical Euler-Bernoulli beam where one end is free
and other end is clamped whose differential equation of motion can be derived from the EulerBernoulli theory and can be expresses as below:
𝑘𝑘𝐿𝐿3 δ4 𝑧𝑧(𝑥𝑥,𝑡𝑡)
3

δ𝑥𝑥 4

+

𝑚𝑚 δ4 𝑧𝑧(𝑥𝑥,𝑡𝑡)
𝐿𝐿

δ𝑡𝑡 4

= 𝐹𝐹(𝑥𝑥, 𝑡𝑡)

(3.1)

Where z(x,t) is the time dependent vertical displacement at distance x (shown in Fig. 3.1)
k is the spring constant of the beam, L is length, m is the mass and F(x,t) is time dependent
load per unit length applied at distance x. The spring constant of the cantilever is given by:
𝑘𝑘 =

3𝐸𝐸𝐸𝐸
𝐿𝐿3

=

𝐸𝐸𝐸𝐸𝑡𝑡 3

(3.2)

4𝐿𝐿3

Where E is the Young’s modulus, I is the 2nd moment of cress-sectional area, and L is the
length of the cantilever. The undamped natural motion of oscillation corresponds to no
external force of substituting F = 0 in equation 3.1. Which reduces to:
δ4 𝑧𝑧(𝑥𝑥,𝑡𝑡)
3𝑘𝑘𝑘𝑘 δ4 𝑧𝑧(𝑥𝑥,𝑡𝑡)
+
𝐿𝐿4
δ𝑥𝑥 4
δ𝑡𝑡 4

=0

(3.3)

Assuming time dependent harmonic solution for equation 3.3, we get
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𝑧𝑧(𝑥𝑥, 𝑡𝑡) = 𝑧𝑧(𝑥𝑥)[𝑐𝑐𝑐𝑐𝑐𝑐(ω𝑛𝑛 𝑡𝑡) + θ ]

(3.4)

Where z(x,t) corresponds to the maximum vertical displacement at distance x, ωn
corresponds to the angular frequency of the n-th mode and θ corresponds to the phase
angle. By combining equations 3.3 and 3.4, we get: [14]
δ4 𝑧𝑧(𝑥𝑥)
− κ𝑛𝑛 4 𝑧𝑧(𝑥𝑥)
δ𝑥𝑥 4

Where the modal parameters,

κ𝑛𝑛 4 = ω𝑛𝑛 4

3𝑘𝑘𝑘𝑘
𝐿𝐿4

=0

(3.5)

, α𝑛𝑛 4 = (κ𝐿𝐿)𝑛𝑛 4 = 3ω𝑛𝑛 4 𝑘𝑘𝑘𝑘

(3.6)

Equation 3.4 can be solved with proper boundary condition to find the angular frequency

ωn. Substituting ωn = 2πfn and rearranging we can get the expression for n-th mode natural
frequency of bending of the cantilever as,

𝑓𝑓𝑛𝑛 =

1

α

2

𝐸𝐸𝐸𝐸

𝑛𝑛
�
� �ρ𝑤𝑤𝑤𝑤
4π 𝐿𝐿

(3.7)

where, ρ is the density of the cantilever material, expressed as ρ = m/V, where V is the
volume of the cantilever expressed by V = L × w × t. Assuming a rectangular cantilever
beam,
𝑡𝑡�

𝐼𝐼 = ∫𝐴𝐴 𝑧𝑧 2 𝑑𝑑𝑑𝑑 = ∫− 𝑡𝑡2� 𝑧𝑧 2 𝑤𝑤 𝑑𝑑𝑑𝑑 =
2
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𝑤𝑤𝑡𝑡 3
12

(3.8)

Rearranging equation 3.7 and using equations 3.2 and 3.8, we get,

𝑓𝑓𝑛𝑛 =

α𝑛𝑛 2
𝑘𝑘
�
2π√3 𝑚𝑚

(3.9)

The general solution to equation 3.4 is,
𝑧𝑧(𝑥𝑥) = 𝐵𝐵1 𝑠𝑠𝑠𝑠𝑠𝑠(κ𝑛𝑛 𝑥𝑥) + 𝐵𝐵2 𝑐𝑐𝑐𝑐𝑐𝑐(κ𝑛𝑛 𝑥𝑥) + 𝐵𝐵3 𝑠𝑠𝑠𝑠𝑠𝑠ℎ(κ𝑛𝑛 𝑥𝑥) + 𝐵𝐵4 𝑐𝑐𝑐𝑐𝑐𝑐ℎ(κ𝑛𝑛 𝑥𝑥)
(3.10)

Where B1, B2, B3, and B4 are arbitrary constants. This system has a nontrivial solution only
if,
𝑐𝑐𝑐𝑐𝑐𝑐 (α𝑛𝑛 ). 𝑐𝑐𝑐𝑐𝑐𝑐ℎ(α𝑛𝑛 ) + 1 = 0

(3.11)

Through numerical solutions, the values of αn for different modes can be found out as,

α1 = 1.8751, α2 = 4.6941, α3 = 7.8548, α4 = 10.9956
For αn >> 1, we get α𝑛𝑛 = π (𝑛𝑛− 1�2)

(3.12)

Substituting α1 = 1.8751 in equation 3.9, we get the 1st natural frequency to be

𝑓𝑓1 =

1

2π

�

𝑘𝑘

(3.13)

𝑚𝑚

Equation (3.13) is widely used to calculate the 1st resonant frequency of rectangular
cantilever. The resonance frequency of the cantilever is determined as a characterization
procedure. The cantilevers are operated in resonant mode to harness the maximum
sensitivity.
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Figure 3.1 Schematics of a cantilever showing the dimension and force exerted along z-axis.
Inset shows the deflection due to applied force, F at distance x.

We design microcantilevers of varying length and width, while the thickness
remains constant. The dimensions of most commonly used microcantilevers in this work
range between 200−150 µm in length and 50−100 µm in width, while the thickness remains
constant at 1.3 µm. The resonance frequencies of these microcantilevers have been found
to range between 10−25 kHz. The resonance characteristics of these devices are obtained
through several characterization techniques, which are discussed in detail in the following
section.
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3.3 Piezotransistive GaN Microcantilever Fabrication Steps

Figure 3.2 Wafer layer structure showing the mesa, cantilever, and substrate thicknesses.

Fabrications of AlGaN/GaN HFET/MOSHFET (metal-oxide-semiconductor
HFET)/MISHFET (metal-insulator-semiconductor HFET) are well documented. However
fabrication of heterojunction field effect transistor embedded on a microcantilever has been
reported by few. [8] The complete fabrication details, issues, and solutions of several novel
AlGaN/GaN HFET/MOSHFET/MISHFET embedded GaN microcantilever have been
discussed in detail elsewhere. [15] Our group has optimized the fabrication process over
many iterations to produce better yield, reliability, and longevity. In this section we will
describe the fabrication steps of a representative device All the fabrication processes were
carried out in the Microelectronic Research Center (MiRC) in Georgia Institute of
Technology, Atlanta, GA.
Figure 3.2 shows the wafer layer structure used in 2 generations of devices, showing
the mesa, cantilever and substrate thicknesses. Silicon substrate (111) of ~500-675 µm
thickness was used to grow the AlGaN/GaN layer. A buffer layer was used as a transition
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layer before growing 1 µm undoped GaN layer. This transition layer along with the
undoped GaN form the thickness of our microcantilevers. On the top of the GaN layer, a
thin layer of AlGaN is grown to form the heterojunction.

Figure 3.3 Schematic diagram of the fabrication process flow shown in 16 steps.

Cantilevers were fabricated utilizing standard photolithographic methods, the
masks for which were designed AutoCAD and were ordered from Photo Sciences, Inc. The
fabrication steps are schematically shown in Fig. 3.3. The details of the fabrication related
issues, optim
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ization of processes is discussed somewhere else. [15] In this section, we have discussed
the fabrication process in 16 broadly defined steps. In step a, 6” wafers that were bought
from NTT Advanced Technology Corporation, Japan, were diced into 44 square pieces (1.8”
× 1.8”). In the next step SiO2 is deposited using plasma-enhanced physical vapor deposition

(PECVD) process. The SiO2 is then patterned using photolithographic process and etched
using Inductively Coupled Plasma (ICP) tool. The patterned SiO2 acts as a hard mask to
etch the AlGaN layer to define the outline of mesa. Mesa is the active region on which
AlGaN/GaN HFET is fabricated. AlGaN is etched BCl3/Cl2 based dry etching recipe of

Figure 3.4 (a) SEM image of array of cantilevers varying in length (from 40 to 300 µm) with a
fixed width of 50 µm. (b) SEM image of 3 rectangular cantilevers (c) Optical image of
rectangular cantilevers (d) SEM image of array of triangular cantilevers.
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GaN in ICP. To define a clear mesa outline, AlGaN layer is over etched, well into the GaN
layer. As a next step, SiO2 is deposited again using PECVD and then patterned and etched
to be used as a hard mask to etch GaN to define the cantilever outline. ICP etching of GaN
is done in such a way that the AlGaN mesa is at the base of the GaN cantilever. After the
cantilever outline is defined, SiO2 is removed from top using buffered oxide etchant (BOE).
In the following step, ohmic contacts for drain and source terminals are deposited utilizing
a multilayer metal stack of Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm), followed by
rapid thermal processing (RTP) at 800 °C for 60 secs in the presence of N2. The Schottky
contact for gate terminal is deposited next, utilizing the multilayer stack structure of Ni/Au.
The bonding pads which connect to drain-gate-source terminals are then deposited using
e-beam evaporation technique. Au, along with an adhesion layer of Ti was used. As a final
step, the cantilevers are released by etching the Si substrate from underneath using Bosch
process. The chips are flipped and SiO2 is deposited underneath, which is again patterned
to act as a hard mask to etch Si. Si is anisotropic ally etched by alternating a 10 sec SF6
etch cycle with a 7 secs of passivation cycle with C4F8. Figure 3.3 shows the SEM and
optical images of fully fabricated devices. Figure 3.4(a), (b) and (c) show arrays of
rectangular cantilevers, that are predominantly used in this work. Fig. 3.4 (d) is the SEM
image of the cantilever devices that are used as heater resistors for sensing of volatile
organic compounds (VOCs). [16] Figure 3.5 shows higher magnified SEM and optical
image of a single rectangular cantilever of length 200 µm and width 50 µm.
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Figure 3.5 (a) SEM image and (b) optical image of single rectangular cantilever showing the
HFET with clear Drain-Gate-Source terminals at the base. The dimension of the cantilever is
200 µm × 50 µm.

3.4 Electrical and Mechanical Characterization of Microcantilevers

Figure 3.6 Optical image of devices wirebonded on chip carriers. Two types of chip carriers
are used, a 28 pin sidebraze from Spectrum and a planar carrier designed using Eagle Chip
Design tool and printed at Osh Park.
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The characterization techniques can be divided into two broad section, 1) Electrical or
HFET characteristics and 2) Cantilever mechanical or resonator characteristics. To
characterize the devices, the chips are first wirebonded on to chip carriers. Fig. 3.6 shows
the pictures of cantilever chips on chip carriers, two types of carriers are used (standard 28
pin Side-Brazed Dual In-Line Ceramic Package from Spectrum Semiconductor Materials,
Inc. and a plana chip carrier designed using Eagle chip design and printed at Osh Park).
Figure 3.7 represents a schematic structure of HFET cross section, showing the
layer thicknesses. The 2DEG is formed at the AlGaN-GaN heterojunction and the sourcegate-drain contacts are deposited to form the HFET. The characteristics of the HFET would
be discussed in the electrical characteristics.

Figure 3.7 (a) A schematic representation of the cross-section of the HFET showing the source,
drain and gate connections and the layer thicknesses. The 2DEG is shown by a dotted line at
the AlGaN/GaN heterojunction.
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3.4.1 Electrical Characteristics of Microcantilevers
A typical HFET characteristics is shown in Fig. 3.8. Fig. 3.8 (a) shows the I-V family of
curves showing good gate control as VG was varying from 0 to -3.8 V with a 0.42 V step.
The HFET characteristics also show the clear active and saturation regions of operation.
Transconductance characteristic of the same device is shown in Fig. 3.8(b), when the VGS
was swept from 0 to -3.8 V while VDS was kept constant at 1.4 V. C-V characteristics of
the device is shown in Fig. 3.9(a) in blue as the gate voltage was varied from -2 to -4 V.
The 2DEG concentration (cm-2) as it changed with the gate voltage is shown in red. The
2DEG concentration was computed by integrating the current and voltage values. The plot
clearly shows the 2DEG density diminishes with more negative gate voltage. The C-V
values were also used to get the carrier density as a function of depth from the following
relations. [10]
𝑛𝑛𝐶𝐶𝐶𝐶 =

𝐶𝐶 3

𝑑𝑑𝑑𝑑

𝑞𝑞ɛɛ0 𝑑𝑑𝑑𝑑

, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝐶𝐶𝐶𝐶 =

ɛɛ0
𝐶𝐶

,

(3.14)

Figure 3.8 (a) ID-VD curves with VG varying from 0 V to -3.8 V with a step decrement of 0.42
V. (b) Transconductance curves of the same device showing good gate control when VDS was
maintained 1.4V
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Figure 3.9 (a) Capacitance values are plotted in blue as the gate voltage was varied from -2 to
-4 V. Corresponding 2DEG concentration (cm-2) is plotted by integrating the capacitance and
voltage values in red. (b) 2DEG carrier concentration (cm-3) as computed from the C-V
measurements plotted with depth.

where V is the voltage applied to the gate Schottky, C is the measured differential
capacitance per unit area, and ε is the dielectric constant of the material (ε0 = 8.85 × 10-14
C/V cm and e = 1.6 × 10-19 C). For these measurements a tungsten probe of 12 µm tip
radius was used, with a contact are of 452 µm2. The calculated carrier density is plotted in
logarithmic scale in Figure 3.9(b) as a function of depth and it can be seen that the free
carriers are confined to near the heterojunction. The carrier concentration values match
closely with those reported for similar heterojunction between Al0.25Ga0.75N/GaN. [10]
The effect of Bosch process was also evaluated using the electrical characteristics. Figure
3.10(a) shows the I-V family of curves of the HFET embedded at the base of the cantilever,
before and after the cantilever was released using Bosch process. The drain saturation
current (more prominent at VGS = 0V) seems to decrease after the cantilevers were released,
which is expected due to increase in stress and thereby change in polarization filed in which
modifies the 2DEG density (reflected by the 0 VGS channel resistance). [8] However, as
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seen from the fig. 3.10, the differences in characteristics at higher gate voltage becomes
minimal. The same cantilever was used to measure the gate capacitance with varying gate
voltage with a LCR meter (Model# HP4284A) and the corresponding capacitance-voltage
(C-V) profile before an dafter Bosch processing is shown in Fig. 3.10 (b) in red.
Corresponding 2DEG densities (cm-2) were also calculated by integrating the capacitance

Figure 3.10 (a) I-V family of curves before and after the cantilevers are released using Bosch
process. (b) C-V characteristics obtained by varying the gate voltage and 2DEG carrier density
obtained by integrating the capacitance and voltage values, before and after Bosch process show
how the gate capacitance and 2DEG density changes with applied gate voltage. The 2DEG
density at 0 VGS show that the 2DEG density was reduced after Bosch processing, which further
supports the in crease in drain-source resistance due to Bosch process, in (a)

and voltage values and are plotted with VGS in the same graph in blue. It shows how the
2DEG density is reduced under the influence of gate voltage. The 2DEG density at 0V VGS
confirms that the 2DEG density has reduced after releasing the cantilevers through Bosch
processing, which substantiates the reduction in IDS or increase in drain-source resistance
(RDS) as found in Fig. 3.10 (a).
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To characterize the source and drain ohmic contacts, transmission line
measurements (TLM) were carried out. The TLM contact pads and the probes used to carry
out the measurements are shown in Fig. 3.11(a). The TLM contact probes of 50 µm width

Figure 3.11 (a) Optical image of Tungsten probes in use to carry out the transmission line
measurement (TLM). (b) Resistance Vs Distance curve plotted using the TLM data. It shows
the computed values of contact resistance (RC), sheet resistance (RS), transfer length (LT) and
contact resistivity (ρC) values from the data.

separated by a varying length (5-35 µm) of semiconductor were formed with a metal stack
structure of Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm). The resistance values
corresponding to each length of semiconductor is measured and plotted as shown in the
resistance vs distance graph in Fig. 3.11(b). The individual resistance values form a straight
line that can be expressed by the following equation.
𝑟𝑟 = 42.194 + 1.2749𝑙𝑙

(3.15)

The contact resistance (RC) is calculated from the y intercept, which was found to be 21.1
Ω. The sheet resistance (RS), which is calculated from the slope of the straight line, was
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found out to be 63.7 Ω/. The transfer length (LT), which signifies the effective length of
the contact can be calculated from the x intercept and it was found to be 16.56 µm. the
contact resistivity (ρC) was also calculated to be 1.75 × 10-4 Ω.cm-2 utilizing RC and LT.
3.4.1 Mechanical Characteristics of Microcantilevers
To investigate the mechanical properties and the actuating properties of the HFET,
the cantilevers are oscillated with either an acoustic excitation from a piezo actuator
(bought from PI, Model# PL 055.31) or utilizing PA excitation by using a pulsed laser.
Figure 3.12 shows a picture of the experimental setup with both Piezo chip based (on the
left) and laser based (on the right) excitation. In order to investigate the mechanical
vibrations of the microcantilever, we investigate the electrical readout from the HFET,
which acts as a transducer by converting the mechanical oscillations of the cantilever into
detectable electrical signal. The HFET is biased using a constant drain-source current (IDS)

Figure 3.12 Optical image of the experimental setup for both mechanical excitation (on the left)
and photoacoustic excitation (on the right) based experiments.
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from a source measure unit (SMU). A gate voltage (VG) is applied from a DC power supply,
while the source terminal is grounded. The piezo chip is pressed firmly on the chip carrier
(as shown in Fig. 3.12) to maintain close contact. A variable frequency sinusoidal voltage
(VPiezo) is applied to the piezo chip from the lock-in amplifier to produce the variable
frequency acoustic excitation that will oscillate the cantilever. Pulsed laser modules
(bought from World Star Tech) are mounted on xyz positioners to focus the laser point on
any desired location on/around the cantilever. A variable frequency sinusoidal signal from
the lock-in amplifier is used as the TTL input to the laser module to pulse the laser. For
electrical readout from the HFET, (detail of PA excitation-based results are discussed in
the chapter 4) the change in drain-source voltage (∆VDS) is measured using a lock-in
(bought from Stanford Research, model #SR850) amplifier. As shown in the previous
chapter, the HFET, being embedded at the base, can harness the maximum strain caused

Figure 3.13 Resonance amplitude from laser based and piezo based excitation for (a) device I
and (b) device II, showing that the resonance amplitudes are unique and are heavily dependent
on the positioning of the source of excitation.

50

Figure 3.14 (a) Gate bias dependence of sensitivity and gauge factor at VDS = 0.5 V [18] (b)
Best reported gauge factors (GFs) for different sensor technologies plotted against device power
consumption. The highest GF (8,700), considering all technologies reported so far, is
demonstrated by the piezotransistive microcantilever presented in this work, which also
consumes the lowest power of 1.36nW [18]

by the cantilever deflection and that strain transduces the deflection into change in
resistance across the drain-source (RDS) terminal. When biased with a constant IDS, the
change in RDS or ∆RDS is directly transduced as change in VDS or ∆VDS. Any small value
of ∆VDS is measured with high sensitivity by the lock-in amplifier. This experiment is also
very effective in determining the resonance characteristics or resonance frequency (fR) of
the cantilever by simply utilizing the electrical readout from the HFET. When a variable
frequency excitation is used to oscillate the cantilever and ∆VDS values are plotted with the
frequency the maximum magnitude of ∆VDS corresponds to the maximum deflection of the
microcantilever, which corresponds to the resonance frequency of the cantilever. The
resonance characteristics of two devices are shown in Fig. 3.13. Fig. 3.13(a) and (b) show
the resonance characteristics of a device that is wirebonded on a flat chip carrier and on a
28 pin chip carrier, respectively. The response due to piezo chip based excitation is plotted
in blue while that due to PA excitation is plotted in red. Resonance frequencies (17.75 and
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18.12 kHz respectively) are indicated using a dotted lines at the maximum value of ∆VDS.
This maximum displacement or maximum value of ∆VDS at fR will be referred as resonance
amplitude henceforth. The resonance amplitude is dependent on mainly two factors; 1) the
power or strength of excitation reaching the cantilever 2) biasing condition of the device,
which also determines the transduction sensitivity of the device. All these measurements
were carried out in ambient pressure. The calculated full width half max (FWHM) quality
factors (QF) of these devices were found to range between ~80-100.
The effect of biasing conditions on the sensitivity of these devices has been
investigated in detail by our group. [17] Gauge factor (GF) is the common metric to indicate
the sensitivity of a strain sensitive device, which signifies the ratio of relative change in
electrical resistance (RDS), to the mechanical strain ε. Hence GF can be derived using the
relation shown below. [17]
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(3.16)

Where , µint and ns,int are the mobility and carrier concentration for the intrinsic device, and
ε is the average strain in the channel. It is obvious from Eqn. 3.3 that the GF depends on
both changes in carrier concentration and mobility, which are strongly correlated at gate
biases close to pinch-off (i.e. lower carrier concentration). [18] Clearly, in a gated
piezoresistor a higher GF can be obtained by tuning the gate voltage and maintaining the
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Figure 3.15 (a) Biasing condition dependent resonance response for (a) device I and (b)
device II.

carrier concentration at a desired (low) level where the mobility would change significantly
due to change in carrier concentration. This is of course in addition to higher fractional
change in the carrier concentration itself caused by the external strain. For a Si piezoresistor
the carrier concentration does not depend on external strain, so the additional benefit of
mobility change, caused by change in carrier concentration as noted above, is absent. GF
= 3200 is calculated at VGS = −3.1 V, which decreases monotonically as the VGS increases
to more positive values (Fig. 3.14(a)). Figure 3.14(a) also shows the sensitivity of the
device, which signifies the fractional change in RDS, as a function of VGS. It is noteworthy
that the maximum GF calculated here is 35 times higher than the optimized Si based
piezoresistive devices (GF = 95). When compared with the best reported GF values across
technology, as shown in Fig 3.14(b), Our piezotransistive microcantilevers have been
reported to demonstrate, a staggering value of 8,700 (in open ambient) while consuming a
very low power of 1.36 nW. The sensitivity of a device is also dependent on the resonance
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amplitude of the device; higher resonance amplitude signifies higher sensitivity. The
dependence of resonance amplitude on biasing condition is shown in Fig. 3.15 for two such
cantilever devices. For the first device (Fig. 3.15(a)), the resonance amplitude increased to
~280 µV from 70 µV as VG was reduced from -2.15 V to -2.4V. Similarly, for device II
((Fig. 3.15(b)), the resonance amplitude increased to ~1.15 mV from 200 µV as VG was
reduced from -2 V to -2.5V.

3.5 Photoacoustic Spectroscopy Basics
Photoacoustic Spectroscopy is a unique way of detecting gas samples by obtaining
their absorption spectra. To obtain a photoacoustic spectroscopy (PAS), a PA cell is used,
as shown by the schematic in Fig. 3.16. the generation and detection of photoacoustic wave
can be explained by the following sequence of events:
1) Gas sample is sealed inside the measurement cell
2) The cell is irradiated with pulsed, narrow-band light, usually from a laser
3) Gas absorbs light periodically proportional to its concentration and converts it to
heat to result in periodic rise and fall in temperature
4) Temperature fluctuations generate pressure waves
5) pressure waves are detected by microphones
Such photoacoustic cells have wide range of applications but particularly popular in
detecting gas leak. This method has higher sensitivity that transmission spectra technique
due to its zero-background nature. If an absorbing gas is present in the measurement
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chamber at a concentration close to its detection limit (ppb range), the temperature increase
in the chamber is typical 10-8 K. The corresponding pressure increase is approximately 105 Pa and this deflects the membrane of a ½’’ microphone by only 10-14 m; a distance
slightly greater than the diameter of an electron. [19] However, using a MEMS structure,
especially a microcantilever to measure the acoustic pressure, can increase the detection
sensitivity by orders of magnitude, as explained in Chapter 1. Moreover, it also enables the
highly sensitive detection of gas or liquid analytes, while the generated photoacoustic wave
traverses through solid media.

Figure 3.16 Schematic of a traditional PA cell showing the PA detection of a gas

3.6 Solid Media Based PA Spectroscopy Using GaN Microcantilevers
The ultra-high sensitive deflection transducer has been demonstrated to sense
surface deposited explosives by our group. [20] This technique of photoacoustic detection
makes use of solid media propagation of the generated photoacoustic wave. Figure. 3.17(a)
shows the schematic representation of the sensing mechanism, where a pulsed laser (pulsed
at the resonance frequency of the cantilever) is directed on the surface deposited analyte,
which absorbs the laser periodically to produce periodic heating which produces perioding
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expansion and contraction, giving rise to the PA signal. The PA signal then traverses
through the solid medium to oscillate the microcantilever in resonant mode. The cantilever
oscillation in then transduced with very high sensitivity utilizing the highly sensitive
deflection transducer or the HFET embedded at the base. This technique has been utilized
in sensing trace level explosive (~300 nl of RDX) deposited near the base of the cantilever
(inset of 3.17(b)). A tunable wavelength (λ = 7.1–8.0 µm with a step size of 20 nm, 5mW)
mid-IR quantum cascade laser (Daylight Solutions, UT-8) was focused on the deposited
RDX and pulsed at the resonance frequency of the microcantilever (43.93 kHz). The HFET
was biased at VDS = 0.5 V, VGS = −2.2 V and IDS = 100 mA. The HEFT output signal was
recorded and plotted in Fig. 3.17 (b), which shows the characteristic peaks of RDX at at
7.27, 7.6 and 7.91 µm. There are several unique features and advantages of this technique,
that are listed below:
1) It signifies the pioneering technique of electrical detection of small amount of
surface-deposited analyte using photoacoustic spectroscopy.
2) The detection was based entirely on electrical deflection transduction which was
made possible by the development of this novel and highly sensitive
piezotransistive microcantilevers operating in the tens of kilohertz range.
3) It enables repetitive measurement as the microcantilever is modified in any way.
4) It is possible to enclose these microcantilevers in vacuum, which can potentially
enhance the detection sensitivity by several orders of magnitude.
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5) Rapid and simultaneous detection of a large variety of analytes with a microscale
footprint can be achieved by simply fabricating an array of piezotransistive
microcantilevers.
6) Surface deposited plasmonic nanoparticles can be used to enhance the absorption
of light from laser, which can amplify the strength of the PA signal, which will
further enhance the sensitivity of the devices.

Figure 3.17 (a) Schematic showing PA spectroscopy of surface deposited analyte using
AlGaN/GaN HFET based GaN microcantilevers (b) Photoacoustic spectroscopy of RDX with
piezotransistive transduction revealing three characteristic peaks at 7.27, 7.6 and 7.91 µm
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Chapter 4

Photoacoustic Signal Enhancements by
Plasmonic Absorption
In recent years plasmonic enhancement of visible and IR light absorption, typically
utilizing metal nanoparticles, has led to significantly higher performance in many
electronic and optoelectronic devices, including solar cells[1, 2] and photodetectors.[3] As
described in earlier sections, the valence electrons in nanoscale metal structures are excited
by the electric field of the photons leading to their collective oscillations at a particular
frequency[4] that is dependent on the size and shape of the nanoparticles or
nanostructures.[5] Au nanoparticles are widely used for plasmonic signal enhancement in
various chemical and biological sensing since their plasmonic frequency falls in the visible
and NIR region.[6, 7] Utilizing the plasmonic effect to enhance optical absorption and
hence the photoacoustic signal, is an attractive way to enhance the sensitivity of
photoacoustic sensors. However, this has remained unexplored to date, as few studies are
devoted to photoacoustics involving solid media, which can take advantage of the
plasmonic effect.
In this chapter, we discuss the observation of strong enhancement in photoacoustic
signal due to plasmonic absorption in Au nanoparticles and consequent localized heating.
The photoacoustic signal was found to increase dramatically when a pulsed NIR laser was
focused in areas covered with Au nanostructures. In contrast, the photoacoustic signal
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reduced after deposition of Ni nanoparticles, but recovered upon further deposition of Au
nanoparticles, reconfirming the plasmonic enhancement effects of the later. Significant
increase in temperature of Au nanoparticle covered areas was confirmed through infrared
microscope images.

4.1 Plasmonic Absorption in Drain-Gate-Source Metal Contacts
In the previous chapter, photoacoustic signal was generated by directing a pulsed
laser beam near the base of the microcantilever, where the pulsed light was absorbed by
the Si substrate (underneath the GaN epitaxial layer) to generate the photoacoustic waves,
which were measured by taking advantage of the strong piezoelectric properties of the
AlGaN/GaN heterostructure, which gives rise to a two dimensional electron gas (2DEG)
very close to the sutrface.[8-10] Since photoacoustic technique is “zero background” (i.e.
acoustic wave is generated only when there is an absorption of photons and consequent
temperature rise), focusing a sub- bandgap light (1.57 eV) on GaN (bandgap 3.42 eV at
room temperature[11]) ensures no light absorption and no acoustic wave generation.
Indeed, we observed that careful positioning of the laser beam only on the GaN
overhang produces no significant photoacoustic signal. Interestingly, however, when the
laser was directed toward the base of the cantilever (on the GaN overhang), where Au
metallization lines (Ti (20 nm)/Al (100 nm)/Ti (45 nm)/Au (55 nm) metal stack for ohmic
and Ni (25 nm)/Au (375 nm) for Gate Schottky contacts)[9] for source, drain and gate
contacts were present, a very strong photoacoustic signal was observed. Since the pulsed
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red laser is not likely to penetrate the 200 nm thick Au layer on the ohmic (source, drain)
or schottky (gate) contacts, or be absorbed in the GaN layer even if it does so, we conclude
that the Au layer is absorbing the photonic energy from the red laser through generation of
plasmons which leads to a periodic temperature rise and thermal expansion of the gold
layer as well as the GaN layer underneath as the plasmons lose their energy. The acoustic
waves thus generated are detected by the cantilever which produces the resonance curve as
the frequency of the pulsed laser is varied. Furthermore, the laser was pointed on the Si at
the edge of the overhang and then consequently on the HFET on the overhang to record
the cantilever response corresponding to these two laser positions. When the laser was
pointed on Silicon, the resonance amplitude was recorded to be ~300 µV, while the
resonance amplitude was recorded to be ~1 mV when the laser was pointed on HFET on
the overhang (the schematic with laser positions and the resonance amplitudes are shown
in Fig. 4.1). The resonance amplitude on the HFET overhang was still higher than that on
silicon, despite laser being absorbed in Si (Bandgap 1.1 eV). This further supports the
plasmonic absorption by the drain-gate-source metallization of the HFET, which enhances
the overall absorption of laser to create a stronger PA wave, which is reflected in the higher
resonance amplitude.
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4.2 Photoacoustic Signal Enhancement by Plasmonic Absorption in
Au
To further verify the plasmonic absorption, we deposited 5 nm Au on the top
surface near a microcantilever (using a shadow mask) and recorded its resonance
characteristics before and after Au deposition. Figure 4.2(a) shows the comparison between
pre-Au and post Au deposition resonance amplitudes (ΔVDS). A dramatic increase in ΔVDS
by ~48 times as a result of the Au nanolayer deposition is observed, which is attributable
to the much higher plasmonic absorption post Au deposition. The figure also shows a
leftward shift in resonance frequency by ∆fR = 988 Hz after the Au deposition, due to mass
loading of the cantilever. [12]
To probe further, we coated the cantilever chip with 2 nm Ni and measured the
photoacoustic response with the laser focused on the HFET metallization. We found that
the photoacoustic signal intensity actually reduces significantly compared to the pre-

Figure 4.1. (a) Schematic of a cantilever with overhang showing the laser illumination point on
HFET and Silicon. (b) Resonance amplitude corresponding to the two laser illumination points
shown in (a).
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exposure signal. It is likely that Ni formed a more continuous film unlike Au, (indeed some
devices were shorted by 2 nm Ni deposition) which tends to form isolated islands (see
discussion below) upon deposition. Such a structural difference can result in much reduced
plasmonic absorption in the deposited Ni compared to Au.[13] In addition, it can simply
cut down the intensity of light reaching the Au metallization layer underneath, causing
reduced photoaocoustic signal. Further coating with 2 nm Au, as expected, [14, 15]
enhances the photoacoustic signal and makes it larger than the signal prior to Ni coating.

Figure 4.2. (a) Resonance curves of a cantilever (250 x 50 x 1 µm) showing change in resonance
amplitude (ΔVDS), before and after Au deposition, in both linear and log scale. Laser was
focused at the base of the cantilever, directly on the HFET. For both these curves, VDS was
maintained at 0.8 V with no gate voltage applied. A resonance frequency shift of magnitude 988
Hz can be seen along with an enhancement in ΔVDS following Au (5 nm) deposition. (b)The
effect of initial Ni metallization (2 nm) and subsequent Au (2 nm) deposition on the resonance
amplitude.

This further underlines the impact of specifically Au nanoparticles in enhancing
photoacoustic signal. These results are shown in Fig. 4.2(b).
Figure 4.3(a) shows the SEM image of the top surface of the cantilever after 5 nm
Au deposition. The inset shows a further magnified section, which clearly shows isolated
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islands of Au nanoparticles on the GaN surface (average size ~2 µm). Figure 4.3(b) show
the plasmonic absorption of well-formed Au nanoparticles of varying sizes.[16] It can be
clearly seen from the graph that the bigger sized Au nanoparticles show significant

Figure 4.3. (a) SEM Image of an Au nanoparticles coated cantilever. Scale bar is 300

µm. The dark-colored clusters are islands of Au nanoparticle. Inset shows a magnified
SEM image of a section showing the dimensions of the Au nanoparticles. (b) Plasmonic
absorption by Au nanoparticles of varying sizes. [16]

absorption (pointed out in the graph) at 790 nm, supporting the enhanced absorption by the
deposited nanoparticles. The effect of the deposited Au film on device characteristics is
further investigate. Due to the discontinuous nature of the deposited Au film there is no
significant change in the ID-VD and ID-VG characteristics (inset) as shown in Figure 4.4(a).
There is a slight increase in the saturation drain current and a reduction in knee voltage as
seen from the ID-VD plots (more prominent at higher gate biases), in addition to an
improvement in transconductance as seen from the ID-VG plots. These improvements in
device characteristics can be attributed to a reduction in surface trapping as a result of Au
surface deposition, which fixes the surface barrier height. Figure 4.4(b) shows a
comparison of the resonance curves obtained with laser and piezo chip based excitations
on the same device, before and after Au deposition. Even when ΔVDS is observed to
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Figure 4.4 (a) I–V characteristics of the AlGaN/GaN HFET transducer at the base of a

microcantilever before and after Au deposition. Inset shows the IDS–VGS plot for the same device
(with VDS = 2.5 V), before and after Au deposition. (b) Resonance curves of the same device
before and after Au deposition, for both Piezo chip and pulsed laser excitation showing
significant plasmonic enhancement by ~50 times for the later. For these measurements, a
constant biasing point (IDS = 100 µA, VDS = 1.08 V) was maintained for both pre and post Au
deposition experiments by varying the gate voltage slightly.

increase by ~50 times for the laser excitation, ΔVDS resulting from piezo-excitation didn’t
change much in magnitude. The magnitude of ΔVDS from piezo chip based excitation is
typically significantly more than that from the photoacoustic excitation as seen from our
previous work.[10, 17] In this work, the same holds true for the data recorded from before
Au deposition on the cantilever [from Fig. 4.4(b)]. However, after Au deposition, the
photoacoustic response was found to have increased many times while the piezo based
response remained the same. The enhancement in the photoacoustic response is thus solely
attributed to plasmonic absorption by the Au nanoparticles, ruling out any contribution
from variation in the cantilever mechanical properties due to the Au deposition.
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4.2.1
Influence of Schottky Contact on Photoacoustic Signal
Enhancement

Figure 4.5 (a) and (b) show the optical pictures of laser illumination points and corresponding
resonance responses at which are shown in (c). A constant biasing point (IDS = 100 µA, VDS

= 1.06 V) was maintained for both pre and post Au deposition experiments by varying
the gate voltage slightly.

To verify that the Au/GaN schottky contact is not playing any role in the photonic
absorption (by the electrons near the schottky contact) and consequent acoustic wave
generation, we recorded the cantilever responses with the laser focused at the base of the
cantilever from both top and bottom. The optical pictures showing the laser illumination
points are shown in Fig. 4.5(a) and (b). The corresponding responses are shown in Fig.
4.5(c) which shows both the resonance curves in have comparable values of ΔVDS although
the one obtained by laser focused at the bottom seems to be somewhat asymmetric. We are
still investigating this aspect. Nonetheless, if schottky barrier related absorption were
important, we would see a much higher cantilever response with laser directed from the
bottom side, which would let much higher intensity of light reach the schottky contact,
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since there is reflection/attenuation by the Au metallization layer. Therefore, we rule out
any significant role of electronic absorption at the schottky barrier in photoacoustic
generation.
4.2.2

Location Dependent Study of Photoacoustic Signal Enhancement

To further verify the plasmonic absorption by Au nanostructures, the resonance
responses of several cantilevers corresponding to various laser illumination locations

Figure 4.6. (a) Optical image of a microcantilever (250 x 70 x 1 µm) with a map of the laser
illumination points. Position 1 is directly on HFET. Positions 2 - 7 are on GaN overhang.
Positions 8-13 are on GaN on Silicon substrate, and, positions 14-15 are on the channel with
only GaN layer (Si substrate etched away). (b) Resonance curves corresponding to selected
positions after Au deposition compared with the response on HFET prior to deposition. (c)
Resonance amplitudes (∆VDS) before and after Au deposition plotted in log scale for laser focus
positions 1 – 16. For the measurements, a constant bias current of IDS = 100 µA and VDS = 1.33
V was maintained.

68

around the cantilever, before and after Au deposition was compared. Figure 4.6(a) shows
an optical image of one such microcantilever (250 x 70 x 1 µm) with spatial locations
marked where plasmonic enhancements were recorded. Figure 4.6(b) shows the resonance
characteristics of the microcantilever for some of the representative locations after 5 nm
Au deposition. The pre-deposition amplitude for location 1 is also shown for comparison.
Although the magnitudes vary widely, the peak position for the responses remain very
similar after deposition for different locations, and red-shifted compared to that measured
before deposition due to mass loading effect. [12] The peak amplitudes before and after Au
deposition are plotted for all the locations in Fig. 4.6(c). We find very large amplification
in almost all locations varying from 1-7 and 9-14. Interestingly, for some locations i.e.
those on the GaN overhang [i.e. locations 4 – 7 and 14 – 16 in Fig. 4.6(a)] where there was
no response prior to Au deposition, there was a small yet definite response recorded after
Au deposition. Even for the locations [10 – 13 in Fig. 4.6(a)] where GaN layer is over the
silicon substrate, laterally farther away from the cantilever base, finite responses were
recorded after deposition as opposed to no response from before Au deposition. The
amplification factor corresponding to location 1 was found to be ~18, while the highest
amplification factor of ~350 was recorded at location 6 [Fig. 4.6(c)].
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4.3 Theory of Plasmonic Absorption Based Photoacoustic Signal
Enhancement
The basis of PA generation from photonic absorption is the generation of heat. To
verify that temperature indeed rises due to plasmonic absorption in the Au nanostructures,
we took a bare AlGaN/GaN sample on Si substrate, and coated part of it with 5 nm thick
Au layer using a shadow mask. The same 790 nm laser, as used in the above experiments,
was then used to illuminate across the junction of the metal covered and bare surfaces, and
the steady state temperature profile was imaged using an infrared (IR) microscope
(Thermacam SC100). The results are shown in Fig. 4.7(a). We find that the steady state
temperature of the Au coated side is significantly higher than the uncoated side, which is
expected due to the plasmonic absorption and the consequent thermal dissipation. An IR
video (not presented here) of the region indicates that steady state temperature profile is
established over several tens of seconds. The temperature information from the image in
Fig. 4.7(a) was extracted, and the temperature profile averaged over 6 line scans along the
length of the AlGaN sample is shown in Fig. 4.7(b). The x-axis represents the data points
on the lines scanned along the length of the sample, while y-axis shows 6-fold averaged
temperature at a particular point on the line. The temperature plot shows that the side coated
with Au is about ~6.3 o C hotter that the uncoated side. Although more accurate estimation
of temperature change needs careful calibration, nonetheless, the temperature rise clearly
highlights the effect of plasmonic absorption. Fig. 4.7(c) shows the band diagram at the Au
nanostructure/GaN interface explaining the proposed plasmonic generation of
photoacoustic waves. The pulsed 790 nm light incident on the Au/ nanostructures excites
70

plasmons, pushing electrons to a higher energy level (hot electrons).[18] These electrons
subsequently relax back to their original energy state by losing energy that gets converted
to thermal energy causing a temperature rise and hence local expansion of the material
creating the acoustic waves. We note again, here the difference with regular photonic
absorption at a schottky barrier; since the amplification is only seen for Au nanostructures
and not Ni, although they both produce similar schottky barrier height with GaN, it is clear
that plasmonic effects and not the regular absorption at a schottky junction is the dominant
cause for the photoacoustic amplification.

Figure 4.7 (a) An IR image (728 x 368) of a partially Au coated (5 nm) AlGaN sample across
the coating boundary, under laser (790 nm, 25 mW) illumination. The approximate boundary is
shown by a dotted line, and the laser spot (defocused to expose a larger area) is shown by a
dotted ellipse. The temperature scale bar shows the range of temperature variation. (b)
Temperature profile along the length of the sample averaged over six lines (#170 to 175 marked
in (a)), shows a variation of temperature by ~6.3 oC across the boundary. (c) A schematic band
diagram illustrating the plasmonic excitation of hot electrons facilitated by Au nanostructure,
and subsequent generation of acoustic waves due to rising temperature because of hot carrier
relaxation.
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4.4 Photoacoustic Signal Enhancement Using Plasmonic Absorption
in Other Metals

After obtaining significant response from plasmonic absorption by Au nanostructures,
several other metal nanostructures were investigated at different wavelengths. By
extending the use of different nanostructures, we increase the possibility of optimizing a
system that can be used in several analyte detection. Figure 4.8 shows the device
characteristics of a device before and after it was coated with 2 nm Ni. Interestingly, the IV characteristics (Fig. 4.8(a)) show a reduction in drain saturation current while the
resonance response (Fig. 4.8(b)) was reduced to one third of its previous value. It is likely
that Ni formed a more continuous film unlike Au, (indeed some devices were shorted by 2
nm Ni deposition, that resulted in a parallel conduction between drain and source, as can

Figure 4.8 (a) I-V characteristics and (b) resonance response of a device before and after 2 nm
Ni deposition. Ni formed a sheet like structure that reflected the incident laser producing a
weaker PA wave. Inset shows the I-V characteristics of with a parallel conduction between drain
and source due to the sheet like structure of the deposited 2 nm Ni.
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be seen from the inset of Fig. 4.8 (b)) which tends to form isolated islands (see discussion
below) upon deposition. Such a structural difference can result in much reduced plasmonic
absorption in the deposited Ni compared to Au.

Figure 4.9 Shows the resonance responses before and after (a) 2nm Au (b) 1 nm Pt and (c) 1
nm Pd deposition, using a 520 nm laser.

Visible wavelength laser (520 nm) was also used as metal nanostructures show
better absorption in visible wavelength.[16, 19] Figure 4.9 (a), (b) and (c) show the
resonance responses before and after depositing 3 nm Au, 1 nm Pt and 1 nm Pd,
respectively. The thickness of these films was optimized over depositing several rounds of
varying thicknesses. A 2.5 times increment in resonance amplitude and a frequency shift
of 25 Hz was recorded as a result of 3 nm Au, while 1.8-fold increment and a shift of 90
Hz was recorded for 1 nm Pt. As a result of 1 nm Pd resonance amplitude increased by 2
fold while the resonance frequency suffered a red shift by 43 Hz due to mass loading effect.
[12]
Plasmonic absorption spectra of Pt and Pd nanoparticles is shown in Fig. 4.10 (a).
In order to investigate if the plasmonic response of the deposited Pd nanolayer varies
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Figure 4.10 (a) Plasmonic absorption spectra of Pt and Pd nanoparticles [19] (b) Resonance
amplitude of a 1 nm Pd deposited device at 4 discrete wavelengths, while keeping the laser
powers constant at 1.3 mW.

Figure 4.11 SEM image of deposition patterns corresponding to (a) 5 nm Au, (b) 1nm Pd, (c)
1.5 nm Pd and (d) 1nm Pt.

systematically keeping with the absorption spectrum shown in Fig. 4.10(a), we recorded
the resonance amplitudes of a 1 nm Pd deposited device at 4 discrete wavelengths using 4
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different lasers (405, 520, 635 and 1064 nm) keeping the powers of the lasers constant at
1.3 mW (using a neutral density filter). The results (included in supplementary Fig.
4.10(b)) did not show any systematic variation in the responses, although the highest
response was recorded at 520 nm. Figure 4.11 shows the SEM image of deposited patterns
corresponding to 5 nm Au, 1 and 1,5 nm Pd, and 1 nm Pt, respectively. It is clear from the
images that while 5 nm Au formed disconnected islands of an average length of 2 µm,
while only 1.5 nm of Pd formed an almost connected sheet like structure. The structure of
the deposited nanofilms depends on the adhesion properties of the material. It should also
be noted that the shape and structure of the e-beam deposited islands vary widely. Since
the plasmonic properties heavily depend on the shape and size of the nanostructures, the
lack of uniformity prevents any set pattern of absorption, especially plasmonic resonance.
This results in a more blanket absorption across the spectrum, which is clear from the plots
shown in Fig. 4.10.
Since we aim to detect the presence of an analyte utilizing the electrical readout of
the piezotransistive microcantilevers, the sensing mechanism is not dependent on the
plasmonic resonance of the metal nanoparticles. Hence it is not important to determine the
plasmonic resonance of the metal nanolayer, instead, the absorption of the plasmonic layer
can be simply altered by introducing the analyte which will change the dielectric environ
and hence the plasmonic absorption, the change in absorption will directly affect the
photoacoustic signal generated, which will in turn be used a s the excitation to oscillate the
cantilever. In other words, the plasmonic nanolayer will be acting as a functionalization
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layer for the analytes. The detail of analyte sensing mechanism will be discussed in the
following chapter.
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Chapter 5

Photoacoustic Detection of Analytes Using
Plasmonic Enhancement of Signal in GaN
Microcantilevers
5.1 Introduction

Detection of analytes, toxic gases and volatile compounds has many important
applications in the fields of environmental monitoring, military services and many other
civilian sensing technologies. One of the many detection techniques is by identifying the
photoacoustic (PA) signal generated utilizing unique signature of the analytes or gases
based on their absorption spectra in the visible or near infrared (NIR) range. Use of IIINitride based piezotransistive microcantilevers allows much lower detection limit resulting
from their substantially higher gauge factor (GF) than their Si counterparts. The higher
sensitivity of these piezotransistive microcantilevers arises from the direct and combined
modulation of 2-diemsional electron gas (2DEG) density as well as the mobility of
electrons [1]. In recent years, metal plasmonic nanoparticles (NPs) have been extensively
utilized in enhancing the absorption of light in various optoelectronic devices including
solar cells [2] and photodetectors [3]. The effect of plasmonic absorption in enhancing the
photoacoustic signal strength has been discussed in details in the previous chapter [4, 5].
Specific analytes are adsorbed by specific metal NPs and modify the plasmonic properties

78

of that particular NPs resulting in different strength of the PA signal generated. The
difference in the PA excitation is transduced with higher sensitivity when the
microcantilever is oscillated at the resonance frequency due to quality factor enhancement.
This unique technique entails simple detection of PA signal without altering the intrinsic
properties of the microcantilevers because of the analyte adsorption.
In this chapter, we discuss the first ever demonstration of PA sensing of analytes
utilizing the plasmonic absorption in metal nanoparticles on piezotransistive GaN
microcantilevers. Good sensing sensitivity was exhibited in H2 and NH3 sensing utilizing
Pt and Pd nanoparticles. A more focused study on H2 sensing with Pd nanoparticles enabled
sub-ppm level of H2 sensing, essentially limited by the background H2 concentration in air,
and exhibiting a far lower limit of detection (LOD) than what is possible with conventional
SPR based techniques. A simple model has been proposed to explain the mechanism of PA
detection of H2 utilizing plasmonic excitation in Pd nanostructures.

5.2 Comparison with Traditional Plasmonic Sensors
Since their first demonstration in 1982, [6-7] surface plasmon resonance (SPR)
based technology has emerged as a highly promising technology for chemical and
biological sensing because of its several advantages including high sensitivity, reliability,
label-free, real-time and rapid detection of analytes. The SPR sensors rely on the plasmon
resonance in the metal nanostructures caused by the incident electromagnetic field, formed
at the interface of nanometal film and the underlying dielectric medium.[8-10] This
interaction between the surface plasmons and light is highly sensitive to the local changes
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of refractive index occurring at the surface due to analyte adhesion,[9] and therefore has
been utilized to monitor trace level (down to ppb range [11-13]) of chemicals and biomolecules through their binding/adsorption to the metal or functionalized metal surface.
SPR based H2 sensors, utilizing Pd as the plasmonic nanomaterial has been reported by
several research groups,[14-16] based on its sharp change in optical properties upon H2
adsorption. These sensors offer the advantages of non-contact detection method, without
depending on metal/semiconductor junction properties (as in schottky diode or
chemiresistor sensors), and therefore can be utilized in high temperature harsh environment
applications. Unfortunately, SPR based detection involves cumbersome detection
involving polarizer and bulky spectral analyzers, which makes it difficult to apply for insitu measurements.[17]
Several advantages of our detection technique can be envisaged over the traditional
SPR techniques. The cumbersome SPR optical detectors can be replaced by a
microcantilever which detects the acoustic signal and converts it into an electrical signal,
proportional to the H2 concentration. Additionally, compared to SPR, the active area of the
cantilever is much smaller (typically in tens of microns in dimensions compared to several
mm for SPR),[18] and employs a much thinner plasmonic metal layer (1 – 2 nm) compared
to that in SPR (few 10s to a few 100s of nm).[7,19-23] Finally, the precise alignment of the
emitter/plasmonic layer/detector is not necessary, which simplifies system development
for in-situ applications, especially involving arrays of sensors. Table 5.1 shows a
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summarized comparison between traditional SPR based sensors and our plasmon enhanced
PA based sensors.
Table 5.1 Comparison summary between traditional SPR based and our plasmon enhanced PA based
sensors

5.3 Gas Sensing Setup Using GaN Microcantilevers
The fabricated HFETs were wirebonded onto a chip carrier (Spectrum side-braze, 28
pin) and placed within a chamber to ensure optimum analyte confinement, as shown in
Figure 5.1. The cantilevers were excited over a range of frequencies (around their
resonance frequency) using photoacoustic (PA) excitation generated by a pulsed 520 nm
laser (TECGL-520, World Star Tech), mounted on a xyz micro-positioner stage. The laser
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was pulsed using a 1.1 V (rms) ac signal (of variable frequency) output from a lock-in
amplifier (SR 850). The dynamic (ac) change in drain-source voltage (ΔVDS) caused by
cantilever oscillations (which induce strain, and change the drain-source resistance (ΔRDS),
which produces ΔVDS under a constant source-drain current IDS),[24] was measured by the
lock-in amplifier. For optimal sensitivity, the HFET gate was biased at an appropriate
negative voltage using a dc power supply,[25] while a constant IDS of 100 μA was flown
from a source measure unit (SMU). All the experiments in this work were carried out at
room temperature (22 °C). Metal nanoparticle deposition was performed using e-beam
evaporation technique, utilizing a shadow mask to ensure deposition only in the desired
regions, on and around the cantilever. For the gas sensing experiments, a simple gas sensing
chamber, with a gas inlet and outlet, as well as a glass top for the laser to pass through, was
designed and 3D printed (using a Zmorph 3D printer). Gas flow in the test chamber was

Figure 5.1. Schematic diagram of the gas sensing set-up. The functionalized cantilever sensor
is placed inside a gas sensing chamber (shown by red dotted lines) while a test gas mixture of
desired concentration (controlled by MFCs) is flown in, with the 520 nm laser is shone on the
HFET.
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regulated using mass flow controllers (MFCs) and any required concentration of the analyte

gas was obtained by appropriately diluting calibrated 100 ppm and 1000 ppm H2/N2

(commercially purchased from Airgas and Praxair) with ultra-high purity N2 (UHP N300,
Airgas). Optical image of cantilever sensors wirebonded on a 28 pin chip carrier, along
with a picture of the experimental setup are shown in 5.2(a) and (b). Figure 5.1(b) a top
view of the gas sensing station clearly showing the green laser being pointed on the device
on chip.

Figure 5.2.(a) Picture showing the entire gas sensing setup. (b) Top view of the gas sensing
platform
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5.4 Hg Vapor Sensing using Au Nanostructure

Environmental contamination of heavy metal ions like mercury is a major concern
today. Sensing trace amounts of mercury is of paramount importance in monitoring healthy
environmental conditions. Au is widely known for chemisorption of mercury where
mercury adsorption leads to dramatic changes in the optical properties of the NPs thereby
detecting mercury from environmental sample without the use of DNA or fluorescent tags
[25]. Plasmonic activity of the 3 nm deposited Au film was demonstrated by the
amplification of resonance amplitude of the microcantilevers. Fig. 5.3(a) shows the
resonance curves of the microcantilever from before and after the Au deposition which
clearly marks the increase in resonance amplitude by a factor of 4. It is also noted that the
red shift in the resonance frequency as a result of Au deposition is consistent with our
earlier findings [4-5], where the resonance frequency shifts because of the mass loading of
the deposited metal NPs. To investigate the effect of mercury, mercury vapor (0.167
mg/m3, measured by Jerome Mercury Vapor Analyzer) was flown to the DUT through a
tube keeping it about a centimeter away from the cantilever. It has been demonstrated by
other groups that the adsorption of mercury promotes a blue shift in the plasmonic
resonance modes [26]. As seen from the inset SEM image in Fig. 5.3(a), the Au deposited
device surface has a large and non-uniform distribution of particle size where the dark
colored clusters represent the islanded structures of Au NPs. As a result, in presence of
mercury vapor, the plasmonic activities become more pronounced at 520 nm, which is
demonstrated in the higher resonance amplitudes upon exposure to mercury vapor. The
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non-uniform nature of the deposited nano film, while influences the increased absorption
upon Hg exposure, also poses a challenge towards quantifying the effects of metal island
sizes on the individual device performance. A more comprehensive study with the view of
evaluating the dependence of size and shape of the NPs on sensor performance will be
carried out later. Fig. 5.3(b) shows the individual resonance curves recorded every 10 sec
and how the resonance peak values keep on increasing until it saturates at 4.2 mV after
almost 2 mins of mercury exposure. The resonace amplitudes begin to go down at a much
slower rate once the flow stopped. The slower desorption rate can be explained by the high
binding energy of the Hg amalgam formation, so, to achieve a faster desorption rate
temperature needs to be increased [27]. Because all our experiments were carried out at
room temperature, the recovery through desorption is found to be much slower. Another
experiment was performed in quick succession where, the cantilever was operated at
constant bias and frequency as the change in its output was read by the Lock-In amplifier.
An increase in the HFET output of the order of ~ 280 μV was recorded (as shown in Fig.
5.3 (c)) corresponding an exposure to 0.167 mg/m3 Hg vapor. To determine the
effectiveness of this process, the sensitivity and limit of detection was calculated using the
data in Fig. 5.3(b). A substantial change of 1.75 mV corresponding to 0.167 mg/m3
indicates a sensitivity (S) of ~10 V g-1 m3. Considering an rms noise of 20 μV, the noise
limited resolution can be calculated to be ((20 μV)/S) 2 μg/m3. This detection limit,
however, is higher compared to other PA based mercury detection methods [28-29], but
shows promise in cantilever-based MEMS mercury sensors, where the limit of detection is
not constrained by careful measurement of the change in the surface stress of the cantilevers
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Figure 5.3 (a) Plasmonic enhancement in resonance amplitude as a result of 3 nm Au
deposition. (b) Individual resonance curves taken every 10 sec, plotted with time showing a
gradual increase in the amplitude upon Hg exposure until it saturates. During a 2 min exposure
of 0.167 mg/m3 mercury vapor, the resonance amplitude change is 1.5 mV. The max
amplitude values go down at a slower rate after the flow stopped. For these experiments, a
constant VDS of 0.2 V was maintained. (c) HFET output of the same device on 0.167 mg/m3
of Hg exposure. The HFET biased was maintained at VDS ~ 0.3 V while the cantilever was
oscillated at the constant fR of 14.96 kHz. On Hg vapor exposure, lock-In output increased
from 1.2 mV to 1.48 mV in 36 seconds before saturating.
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[30]. Moreover, using a higher thickness of the deposited plasmonic metal, a much lower
concentration of mercury vapor can be expected to be detected with sufficient resolution.

5.5 H2 and NH3 Sensing Using Pt and Pd Nanostructure

There is a universal and perpetual need for more efficient and accurate sensors for
toxic and flammable gases such as H2 and NH3. H2 is a highly flammable gas that forms
an explosive mixture with air at 4.65 vol. %. [31], while NH3 is a highly toxic gas that has
wide usage as a fertilizer and in the manufacturing of plastics and textiles [32]. Hence,
constant monitoring of H2 and NH3 (which can sometimes be produced and present at the
same time) with high sensitivity is of extreme importance [31,33,34]. The most common
sensing mechanism for such gases is functionalized chemi-resistors [35] or Schottky diodes
[36,37]. Metals like Pt and Pd are widely used as the functionalization layer or as the
Schottky metal because of their unique capability of adsorbing H2 [38-40] on the surface,
directly or after dissociating NH3 [41-43]. In this section, we have investigated the PA
detection of H2 and NH3 using the variation in plasmonic excitation of Pt and Pd NPs
utilizing GaN microcantilevers. A comparison of H2 sensing performance between Pt and
Pd NPs coated devices has been presented in terms of response time, signal to noise ratio
(SNR) and limit of detection (LOD). It has been shown that the biasing condition of the
HFET can further enhance the LOD in these sensors. It has also been demonstrated that, at
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room temperature, Pd coated devices exhibit a unique selectivity to H2 over NH3, while the
Pt coated devices respond to both H2 and NH3.
5.5.1 Plasmonic Enhancement in Photoacoustic Signal Using 1 nm of Pt and Pd
Figures 5.4(a) and (b) show the current voltage (I-V) characteristics of the HFET
before and after 1 nm Pt and 1 nm Pd deposition, respectively. Both sets of I-V curves
show excellent drain current modulation and complete device shutdown at higher (more
negative) VG, clearly preserving the HFET characteristics even after metal
functionalization layer deposition. In fact, an improvement in drain-source saturation
current and a reduction in knee voltage is especially noticeable at higher VG, which is most
likely caused by surface stabilization and a reduction in surface traps as a result of thin
metal deposition [44-46].
Figures 5.4(c) and (d) show the resonance responses before and after the 1 nm Pt
and Pd deposition, showing enhancement factors of 1.4 and 2, respectively. The laser used
for the PA experiments was a 520 nm pulsed module, at which both Pt and Pd NPs are
expected to exhibit significant plasmonic absorption [47]. Higher enhancement factor for
Pd for the same thickness as Pt, agrees with the higher plasmonic absorption of Pd NPs at
520 nm [47]. Figure 5.4(d) also portrays the blue shift in resonance frequency by 43 Hz
due to mass loading from the deposited Pd NPs. The same effect is not noticeable in the Pt
deposited device, likely due to more significant surface stress related changes countering
the mass loading effects [48,49]. For gas sensing experiments the devices were oscillated
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at their resonance frequency to harness maximum sensitivity arising from quality factor
enhancement [50].

Figure. 5.4. I-V curves of HFET integrated at the cantilever base before and after (a) 1 nm Pt
deposition, and (b) 1 nm Pd deposition, showing perfect gate modulation. The resonance
characteristics of the device before and after (c) 1 nm Pt deposition and (b) 1 nm Pd deposition,
showing 1.4 and 2 times amplification in the resonance amplitudes, respectively, due to the
plasmonic absorption. A red shift of 43 Hz is clearly observed in the resonance frequency in (d)
due to mass loading of the cantilever following Pd metal deposition.
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5.5.2 Comparison of H2 Sensing Performance
Figure 5.5(a) shows the response of 1 nm Pt coated device upon exposure to 1000 ppm
H2. Response amplitude was found to depend on the biasing condition of the device as the
sensitivity of the AlGaN/GaN heterostructure increases with higher VG [24], which is
reflected in higher resonance amplitude at higher (more negative) gate biases. As seen in
Figure 5.5(a), for the same concentration of H2 (1000 ppm) and flow rate (250 sccm,
controlled by mass flow controllers), when the device was biased at VGS = -2.07 V (and
VDS = 0.14 V), the response amplitude was found to be 15 µV (signal to noise ratio (SNR)
= 25.2), which increased 5 folds (SNR = 51) when the device was biased at VGS = -2.47 V
(and VDS = 0.24 V). Similar trend was also exhibited by the Pd coated device, as can be
seen from Figure 5.5(b), where the response amplitude increases dramatically from 27 µV

Figure. 5.5 (a) Sensor responses to 1000 ppm H2 at different biasing conditions (VDS = 0.14,
VGS = - 2.07 V and VDS = 0.24 V, VGS = - 2.47 V) of 1 nm Pt coated device. Higher change in
signal (5 fold enhancement) was recorded for more negative gate bias. SNR value also increased
2 fold, from 25.2 to 51. (b) Responses at two different biasing conditions (VDS = 0.24, VGS = 2.25 V and VDS = 0.24 V, VGS = - 2.54 V) when exposed to 1000 ppm of H2 for 1 nm Pd coated
device. The response magnitude increased from 27 µV to 180 µV, while SNR increased from
30.5 to 59.9 at higher bias.
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(SNR = 30.5) to 180 µV (SNR = 59.9) when the biasing condition was changed from VGS
= -2.25 V (and VDS = 0.24 V) to VGS = -2.54 V (VDS = 0.44 V), for the same concentration
(1000 ppm) and flow rate (250 sccm) of H2.

Figure. 5.6 (a) Responses to three different concentrations of H2 for 1 nm Pt coated device,
showing response magnitudes of 75 and 20 µV as the H2 concentration changes from 1000 ppm
to 100 ppm, with SNR changing from 51 to 19.9 (b) Response to three different concentrations
of H2 of 1 nm Pd coated device, showing magnitudes of 85 and 13 µV as the H2 concentration
changes from 1000 ppm To 50 ppm, with SNR changing from 116.4 to 11.8

The usage of Pt and Pd NPs for H2 detection is quite common as H2 atoms can
easily and selectively adsorb in the Pt and Pd lattice by moving into the interstitial spaces
and forming metal hydrides [37,38]. The solubility of H2 is further improved in nanoscale
because of increased surface area [51]. Moreover, the adsorbed H2 changes the shape, size
and therefore the aspect ratio as well as the dielectric environment of the Pd NPs [37],
modifying their plasmonic properties. This causes a change in the plasmonic absorption
spectra, with a resonance peak shift as well as a peak amplitude change, which makes the
usage of plasmonic NPs an even more effective way of detecting H2 [39]. For Pt NPs a
definite adsorption model has not been established yet, but there is evidence that the
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dissociative surface adsorption of H2 on Pt surface [51-53] facilitates the change in the
electronic configuration as well as in the dielectric environment of the Pt NPs, which can
be instrumental in altering the plasmonic excitation in the same. These modifications in
their absorption spectra changes the strength of the PA wave generated due to the
plasmonic excitation of these particles, which can then be measured by the change in the
HFET output in terms of change in ∆VDS. We also note the opposite nature of the change
in signal upon H2 exposure (increase in the magnitude of the Pt coated device and a
reduction for the Pd coated device), which likely originated from the opposite phase of the
HFET output signal recorded on these devices.
Table 5.2 Summary of Pd and Pt functionalized sensor data showing comparison of their sensing
performances
NP
Pt

Pd

H2
concentration
1000 ppm
500 ppm
100 ppm
1000 ppm
500 ppm
100 ppm
50 ppm

Response time
13 secs
7 secs
12 secs
9 secs
13 secs
20 secs
26 secs

SNR
51
33.9
19.9
116.4
104.1
36.7
11.8

LOD

~ 15 ppm

~ 12 ppm

To compare the sensing performances of the Pt and Pd coated devices, they were biased at
the same VDS and exposed to different concentrations of H2. Figure 5.6(a) shows the
responses of the Pt coated device upon exposure to 1000, 500 and 100 ppm of H2 while
biased at VGS = -2.47 V and VDS = 0.24 V, and oscillated at resonance frequency of fR =
15.762 kHz. Figure 5.6(b) shows the responses for a Pd coated device at same drain bias
(VGS = -2.20 V and VDS = 0.24 V) and in resonant mode (fR = 15.65 kHz), upon exposure
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to H2 of different concentrations, varying from 1000 ppm to 50 ppm. We observe a much
cleaner signal for the Pd coated device with much higher SNR, which enabled clear
identification of 50 ppm H2 response, while even 100 ppm H2 response was barely
detectable over the background noise in the Pt coated device. For a better comparison
between the Pt and Pd coated devices, response time, SNR and limit of detection (LOD),
corresponding to various H2 concentrations, as extracted from the sensor responses
presented in Figure 5.6, are summarized in Table 5.2. The response time, which is defined
between the 10th and 90th percentile point, i.e. (τ10% - τ90%), is recorded to be 9 secs in the
Pd device for its response to 1000 ppm H2. The same for the Pt coated device was found to
be much higher at 13 secs. The lowest SNR value of 19.9 was recorded for Pt coated device
at 100 ppm H2, showing that the LOD of the Pt coated device for the given biasing
condition, is ~15 ppm, using the LOD definition as the lowest concentration that can be
measured with 3 or higher SNR [54].
However, for the Pd coated device, the lowest SNR corresponding to 50 ppm H2
was recorded to be 11.8, indicating that the LOD is ~ 12 ppm. The H2 adsorption
mechanism in the bulk as well as in nanoscale Pd and Pt has been studied extensively by
many researchers; while the H2 diffusion coefficients on Pt and Pd are almost equal, the H2
solubility in Pd is about three orders of magnitude higher than that in Pt [36,55], which can
be attributed to the superior performance of the Pd functionalized devices. As we saw in
Figure 5.5, the SNR performance of the Pd coated devices can be improved with
optimization of the biasing conditions, which indicates that the LOD of the Pd device can
be improved with further optimization of the biasing conditions. Nonetheless, the LOD
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obtained for our device using plasmonically enhanced photoacoustic detection technique
is very comparable the LOD exhibited by widely used surface plasmon resonance (SPR)
based techniques (lowest LOD is ~10 ppm), the detection methods of which are much more
cumbersome and bulky [56].
5.5.3 Comparison of NH3 Sensing Performance

Figure. 5.7. Responses of the Pt and Pd coated sensor devices upon exposure to 500 ppm NH3
over 3 test cycles. While the Pt coated device shows a repeatable response of 50 µV with an
SNR of 85, the Pd coated device does not recover after the initial drop in signal, or show further
response to subsequent cycles of NH3 exposure.

NH3 is also adsorbed in several metal films, including Pt and Pd, although the
individual mechanisms of adsorption are complicated and may vary widely [41-43,57]. We
investigated the detection performance of the Pt and Pd NP coated devices with respect to
NH3 sensing. The results are shown in Figure 5.7 for 3 cycles of 500 ppm NH3 flow. We
find that while the Pt coated devices exhibit repeatable and sensitive response to 500 ppm
NH3, the Pd coated devices exhibited no significant response after the initial drop (60 µV)
in HFET output upon the first exposure to NH3 and did not recover or respond to the
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subsequent NH3 exposures. The Pt coated device, when biased at VDS = 0.14 V and VGS =
- 2.07 V, exhibited a response amplitude of 50 µV with an SNR of 85 (2nd response cycle
in Fig. 6 was used), and clear response and recovery transients for all the exposure cycles
to 500 ppm NH3. From this response and the SNR value, the LOD (with SNR of 3) was
found to be ~ 17 ppm. The response time from the 2nd cycle was also found to be 6 s based
on the definition of response time discussed earlier. The LOD and response time for NH3
detection is superior to those of the (SPR) based techniques, where the best LODs and
response times reported are ~10 ppm and a few tens of a second, respectively [58-60]. We
also note that the lack of response from the Pd NP functionalized sensor device points out
to the unique possibility of selective detection of H2 over NH3, which is important for
applications where these two reducing gases are present simultaneously [61,62]. The lack
of specific changes might be related to ready dissociation of NH3 following its adsorption
in Pd [42].
A comparison of H2 sensing performance between Pt and Pd NPs coated devices
indicates superior sensing performance of Pd coated devices in terms of detection limit and
response time. The next section delves deeper investigation into the Pd nanostructure based
H2 sensing.

5.6 Detailed Investigation of H2 Sensing Using Pd Nanostructures
Highly sensitive PA detection of H2 utilizing an optimized thickness of the
plasmonic Pd film using the plasmonic excitation in Pd nanostructure is investigated. The
feasibility of sub-ppm level H2 detection has been demonstrated, which is a much superior
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detection performance than widely used SPR, while also avoiding the latter’s cumbersome
detection methodology. The high detection sensitivity originates from a combination of
surface work function change of the Pd NPs and a change in their plasmonic absorption
spectrum, and exhibits a much better detection performance compared to chemiresistive
and chemidiode sensors integrated in the HFET. The PA detection sensitivity was also
found to be quite easily tunable, exhibiting strong dependence on Pd layer thickness,
biasing conditions and probe laser power. The device performance was found to improve,
when the H2 test gas was diluted in air with significant moisture content. The functionalized
piezotransistive microcantilever system provides a unique platform to not just study the
PA detection of H2, but also compare it with commonly used gas sensing modalities based
on chemiresistor and chemi-diode sensing elements.
5.6.1 Sensor Performance Analysis
Figure 5.8(a) shows the I-V characteristics of one of our devices (250 × 100 µm)

before Pd deposition, and after 1 and 1.5 nm Pd depositions. The drain current of the device
increases noticeably after each Pd deposition, likely due to some increase in the surface
conductivity aided by reduction in the surface barrier, as the surface trapping effects are
minimized [63]. The resonance amplitude of the device (as shown in Figure 5.8(b)) can be

found to increase by a factor of 2 after 1 nm deposition and by 5.75 after 1.5 nm Pd
deposition, which can be attributed to the plasmonic enhancement of the SPA excitation
caused by the Pd NPs [47,64]. A slight redshift in resonance frequency (ΔfR ≈ 43 Hz) is
observed in Figure 5.8(b) after 1 nm Pd deposition, arising from mass loading effects of
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the deposited Pd. A slight blue shift is observed after 1.5 nm deposition potentially due to
surface stress changes becoming more significant [65,66].

Figure 5.8. (a) The I-V response of the cantilever HFET before and after 1 and 1.5 nm Pd
depositions showing very good gate control and complete channel shutdown. The drain-source
current increases after each deposition due to the increased surface conductivity after the
depositions. (b) Resonance response of the cantilever before and after 1 nm and 1.5 nm Pd
deposition showing enhancements by factors of 2 and 5.75, respectively, due to the
corresponding increase in plasmonic absorption by the deposited Pd NPs at 520 nm. A red shift
(by ~43 Hz) in the resonance frequency is noticeable after 1 nm Pd deposition that can be
attributable to mass loading. The quality factors of the resonance response increased from 106
to 166 and then reduced to 104, upon 1 nm and 1.5 nm Pd depositions, respectively.

Figure 5.9(a) shows the change in ΔVDS (proportional to oscillation amplitude), over
multiple testing cycles, when 1000 ppm H2 (balance N2) was flown into the sensing
chamber alternately with pure N2 flow. A significant change in ΔVDS of 180 μV (23.7 %
change) is observed upon flow of H2, which is quite repeatable over the various cycles. A
slight downward drift is observed over multiple cycles, which is likely caused by the charge
stabilization process occurring at the surface under applied gate and drain biases. The last
sensing and recovery cycle has been used to determine the response time (τg = τ90% - τ10%)
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and recovery time (τr = τ10% - τ90% ) constants from its 10 and 90 percentile points, [45,48]
which turn out to be 30 and 210 secs, respectively as shown in Figure 5.9(b).

Figure 5.9. (a) Change in ΔVDS over multiple cycles of 1000 ppm H2 exposure. A significant
drop of about 180 μV in signal upon H2 exposure is noted, which is repeatable over multiple
cycles. (b) A single response graph for 1000 ppm H2. Response time (τg = τ90% - τ10% , where
τ100% is time when the ΔVDS value has reached the final value in response to 1000 ppm H2), is
calculated to be 30 seconds and recovery time (τr = τ10% - τ90% ) is calculated to be 3 minutes and
30 seconds.

The device responses upon exposure to different concentrations of H2, varying from
1000 ppm down to 3 ppm, were also investigated and the results are shown in Figure
5.10(a). As expected, the response amplitude goes down, while the response time increases,
as the H2 concentration is lowered. The inset shows the response of the device to 1.5 ppm
of H2 at a slightly higher biasing conditions (VDS = 0.55 V, VGS = -2.82 V). The response
magnitude is found to be 132 µV, while the rms noise is determined to be 5.39 µV, resulting
in an SNR of 24.5. Our experimental set up did not allow us to dilute H2 further for direct
sub-ppm testing, but from the 1.5 ppm test result, we can determine the limit of detection
to be 180 ppb with an SNR of 3, clearly underlining the feasibility of sub-ppm detection.
This LOD is much superior when compared with the other conventional SPR based H2
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sensors using Pd NPs, which is typically in the range of 2 - 10 ppm [56,67-69]. Moreover,
compared to other methodologies of sensing H2 reported by others, especially using Pd
nanowires to detect H2 either electrically [70,71] or utilizing surface acoustic waves,
[72,73] the projected LOD of our sensors were found to be much superior. To better
envisage our sensor performance, a table of comparison has been presented in Fig. 5.11
where the best H2 sensing performances in terms of detection limit across different sensing
methodologies have been compared. The projected LOD of our sensors is found to be the
lowest among the best reported values across technologies.

Figure 5.10 (a) Change in ΔVDS corresponding to variation in concentration of H2 from 3 to
1000 ppm. The lowest change is signal corresponding to 3 ppm H2 is 25 μV (SNR = 12.4) and
the highest change in signal corresponding to 1000 ppm H2 is 225 μV (SNR = 74.6). For all
these experiments the HFET was biased at VDS = 0.44 V and cantilever oscillated at a constant
resonance frequency of 16.797 kHz. (b) Shows a response to 1.5 ppm H2 at more negative gate
bias condition leading to improved sensitivity and SNR (24.5).

As mentioned earlier, we used ultra-high purity (UHP) N2 as the carrier (diluting)
gas for our experiments since the 100 and 1000 ppm H2 calibrated gases were also diluted
in UHP N2. Although H2 detection experiments have been reported using UHP N2,21,29,54
[15, 56, 74] for practical applications of the sensor it is important to evaluate its
performance in air, where humidity and other potential interfering gases and vapors may
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be present. For that, 1000 ppm H2 was mixed in 1:1 ratio with ambient air (60 % relative
humidity) to obtain 500 ppm H2, and the sensor performance was compared in terms of
VDS and ∆VDS changes with that of 500 ppm H2 diluted in ultra-high purity N2. As shown
in Figs. 5.12 (b) and (c), the magnitude of ∆VDS changes were very comparable with pure
N2 versus air dilution, while the VDS change magnitude was slightly higher for air dilution.
Also, there was a definite improvement in the transient response observed for both and VDS
and ∆VDS changes. Impact of moist air based dilution in terms of both magnitude and
response time was also reported. [75] Clearly, our results indicate that the superior

Figure 5.11. Showing the comparison in LOD of different H2 sensors across technologies
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performance of our SPA based sensor remains intact even in the presence of interfering
agents in ambient air, including high humidity.

Figure 5.12 PA technique showing (b) ∆VDS transients and (c) VDS transients, for 500 ppm H2
diluted in UHP N2 and in ambient air with 60 % relative humidity. Clear improvement in
response is observed for air dilution.

5.6.2 Discussion of Sensing Mechanism
To verify that the cantilever resonance amplitude change (or change in surface
photoacoustic excitation) with H2 adsorption is causing the change in ΔVDS, and not the
change in resonance peak, resonance curves (over a frequency range of 15.8 to 18 kHz)
were recorded continuously, under constant flow of 1000 ppm H2. Figure 5.13(a) shows
the individual resonance curves plotted with time, which clearly shows that the resonance
amplitude monotonically reduces upon exposure to H2 until it saturates, and then starts to
recover once the flow was stopped. From the resonance curves plotted against frequency
(Figure 5.13(b)), it is also evident that only the resonance amplitude changes significantly
upon analyte exposure, and not the resonance frequency.
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The functionalized piezotransistive microcantilever system provides a unique
platform to not just study the SPA detection of H2, but also to compare it with commonly
used gas sensing modalities based on chemi-resistor and chemi-diode sensing elements.
[66] Figures 5.14 (a) and (b) show the schematic diagrams of different sensing modalities
investigated and compared in this work. Figure 5.14(a) shows a magnified picture of the
HFET embedded at the base of the cantilever, schematically showing the drain-source
resistance (RDS) that acts as a chemi-resistor functionalized with nanostructured Pd. The
extended Schottky contact formed around the gate metal deposition [Figure 5.14(a)],
between the Pd NPs and AlGaN, acts as a chemi-diode that can significantly influence the
gate current (IG). Additionally, non-optical changes due to the effect of H2 exposure on the
functionalized cantilever were examined using an acoustic excitation from a piezo actuator,
and compared with changes that are purely arising from plasmonic enhancement of
photoacoustic excitation caused by the pulsed laser exposure. Since Pd NP/GaN Schottky

Figure 5.13 (a) Resonance curves taken every 20 secs with ~2 min exposure to 1000 ppm H2. A
17% reduction in the resonance amplitude is noted for the duration of the gas flow. (b) The first 5
resonance responses during the gas flow (marked in (a)) are extracted and plotted against
frequency which shows a reduction in resonance amplitude but no shift in resonance frequency.
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barrier height reduces due to H2 adsorption, [76-78,74] the 2DEG density at the
AlGaN/GaN interface is expected to increase. An increase in 2DEG density will lower the
drain-source resistance RDS, which will then reduce the VDS under a constant IDS. Figure
5.15(a) shows the change in VDS to be 18 mV (4 %), without any cantilever oscillation,
upon exposure to 500 ppm of H2. The device was then excited sequentially at its resonance
frequency using a piezo-chip oscillator followed by a pulsed laser excitation (PA), with
500 ppm H2 flowing. The corresponding changes in VDS are 35 mV (8.1 %) and 30 mV
(7.7 %), as shown in Figure 5.15(a). Keeping with the increasing magnitude of the VDS
change, the signal to noise ratio also improved from 22.5 without excitation, to 38.9 with
the piezo-chip, and 45.2 with the PA excitation. The response times also follow a regular
trend with the fastest transients observed for the PA excitation. Although, at this point we
are unsure of the exact reason for such an improvement in VDS change response with

Figure 5.14 (a) Schematics of the different sensing modalities that have been compared in this
work. A magnified SEM image of the HFET at the cantilever base shows the resistance between
drain and source terminal (RDS) that acts as a functionalized chemi-resistor sensor. The
deposited NPs, schematically shown around the Gate terminal, extend the gate and form the PdGaN Schottky contact that acts as a chemi-diode sensor. (b) An SEM image of the cantilever
with HFET overlaid with schematics showing two different methods of cantilever excitation:
piezo actuator based acoustic, and pulsed laser baser surface photoacoustic excitation.
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cantilever oscillation (likely affected by strain changes and plasmonic effects), it certainly
underlines the promise of utilizing the PA excitation for improving the sensitivity toward
gaseous detection. The dynamic or ac change in VDS (ΔVDS), which is directly proportional
to the cantilever resonance amplitude, was also recorded for piezo and laser excitation
cases, and are plotted in Figure 5.15(b). Figure 5.15(b) shows that the ΔVDS change with
piezo excitation is 0.03 mV (4.5 %), while that for laser based excitation is 0.11 mV (19
%) with SNR values of 20.9 and 40.5, respectively, for 500 ppm H2 flow. The much higher
sensitivity for the PA excitation compared to the piezo excitation can be understood by
considering the basis for resonance amplitude change in the two cases. The ΔVDS change
in case of piezo excitation arises from a change in VDS (which is proportional to RDS and
inversely proportional to the 2DEG density) caused by the H2 exposure. Since a reduction
in VDS indicates an increase in 2DEG density, the fractional change in 2DEG (due to strain
induced by cantilever oscillations) should reduce, causing the fractional change in ΔVDS to
also reduce. This can be seen by comparing the H2 exposure effects in Figs. 5.15(a) and
(b), where we can see that when the VDS goes down the ΔVDS also goes down and viceversa. For PA excitation, in addition to the aforementioned VDS or 2DEG related change,
the plasmonic property change of the Pd nanolayer upon H2 exposure [14,74] also affects
the absorption of 520 nm light, which in turn reduces the strength of the PA waves
generated. This reduction in PA based cantilever excitation is responsible for the much
enhanced H2 sensing response observed with laser excitation.These changes in VDS and
ΔVDS upon H2 exposure presented an opportunity to study the response of the sensor as a
“chemi-resistor” RDS formed simply by the Pd NP deposited HFET channel (see Figure
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5.14a) both in static (no excitation) and dynamic conditions (with piezo-excitation), and
compare with the PA detection method. Interestingly, another more sensitive detection
method is also possible in this set up utilizing the “chemi-diode” formed by the extension

Figure 5.15 (a) Change in drain-source voltage VDS upon periodic exposure to 500 ppm H2
without cantilever excitation, with piezo-chip based excitation and with pulsed laser based
photoacoustic excitation, at the cantilever resonance frequency of 16.423 kHz. Considering the
first cycle, the resonance amplitude increases from 18 mV (4 %) for no excitation (SNR = 22.5)
to 35 mV (8.1 %) for piezo excitation (SNR = 38.9), and 30 mV (7.7 %) for SPA excitation
(SNR = 45.2). (b) The change in ΔVDS (ac component of VDS) upon exposure to 500 ppm H2
when oscillated at its resonance frequency with piezo and SPA excitation showing 0.03 mV
(4.5 %) and 0.11 mV (19 %) change in amplitude, respectively, for the first cycle. (c) Reverse
biased gate current (IG) showing 33 % change with 8.8 SNR upon exposure to 500 ppm H2.

of the gate due to Pd NP deposition (see Figure 5.14b). The chemi-diode is especially
interesting as a sensor due to its exponential dependence of current on the Schottky barrier
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which can result in very high sensitivity. [66,79] Since exposure to H2 is expected to lower
Schottky barrier height [76-78,80] the reverse biased chemi-diode current or the gate
leakage (IG) is expected to increase dramatically. This was clearly observed in response to
500 ppm H2 flow (without device oscillations), as shown in Figure 5.14c. An increase in
IG by 33 % was recorded, which remained fairly constant across all cantilever operating
modes, i.e. no oscillation and oscillation using piezo chip, and PA excitation. As expected,
[66,79] the chemi-diode response is much larger compared to the piezoresistor responses
of 4 – 8.1 % (equivalent to percentage changes in VDS; see Figure 5.15a &b) change
observed for the same concentration of H2 (500 ppm) in the cases of no oscillation, piezo
chip, and PA based oscillation of the cantilever. It is also higher in magnitude than the 19
% change found for PA based detection for the same concentration of H2, shown in Figure
5.15(b). However, the SNR found for this response was only 8.8, compared to 20.9 for
piezoresistor, and 40.5 for PA. This indicates that for the active area of the device
considered, the PA detection technique exhibits a much superior detection performance
compared to both the chemi-diode and chemi-resistor type sensors formed in the HFET.
Of course, the SNR for the Schottky diode sensor can be improved by using a much larger
Table 5.3 Summary of sensing metrics of different sensing modalities
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area of Schottky contact (which is typically utilized [81,82]) than a few µm of extended
gate based Schottky contact formed in the HFET at the cantilever base. The summary of
this discussion in presented in a tabular format in table 5.3 for better understanding of
superior performance of the PA detection technique.
5.6.3 Simple Model Explaining H2 Detection Using Pd Nanoparticles
A schematic diagram shown in Figure 5.16 illustrates the mechanism for plasmonically
enhanced sensitivity toward hydrogen detection exhibited by the SPA method. As
mentioned earlier, Pd is widely used as the functionalization layer for detecting hydrogen
because of significant changes in its material properties caused by hydrogenation, [83,84]
including a shift in its plasmonic absorption spectrum caused by a phase transition from
metal to metal hydride and corresponding expansion of the Pd lattice. Such a change in the
absorption spectrum (both a peak shift and peak amplitude change happens) causes a

Figure 5.16 (a) Schematic diagram showing deposited Pd NP and H2 molecule adsorption,
superimposed on a wire bonded picture of a microcantilever. Green ellipse near cantilever base
marks the laser spot for SPA excitation. (b) A shift in plasmonic absorption spectrum in Pd due
to H2 adsorption shown schematically explains generation of stronger SPA signal before H2
exposure, which significantly weakens upon H2 adsorption.
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reduction in the SPA signal amplitude as can be seen from Figure 5.16. [14,74,84,85] This
causes a reduction in cantilever excitation and a reduction in its signal amplitude as
schematically shown in Figure 5.16b.
5.6.4 Tunable H2 Detection Sensitivity

Figure 5.17 (a) Sensor response to 1000 ppm H2 over three exposure cycles with varying bias
conditions. The response amplitude increases from 28 µV (SNR = 31.7) to 300 µV (SNR = 81.4)
as VGS changes from -2.25 V to -2.57 V. (b) Change in sensor response as the biasing conditions
are optimized, upon exposure to 10 ppm H2. Response amplitude changed from 17 to 65 μV as
VDS was varied from 0.32 to 0.57 V, with corresponding adjustments of VGS.

As mentioned earlier, major advantage of our PA sensor is that its sensitivity can
be tuned readily with VG, so its dynamic range for operation can be varied. Such tunable
sensitivity arises from variation in the deflection sensitivity of the HFET at the cantilever
base, [24] and has also been reported for other types of sensors in the past. [66,81] This is
explicitly shown in Figure 5.17a, over multiple cycles of H2 exposure, where the response
to 1000 ppm H2 can be seen to increase 10.7 times (from 28 to 300 μV) as the VG is reduced
from -2.25 to -2.57V. The SNR value was also found to increase over the range from 31.7
to 81.4, indicating that a much lower limit of detection is achievable by appropriately
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tuning the biasing condition of the HFET. Similar behavior was also observed upon
exposure to 10 ppm H2 for three different biasing conditions, with VG varying from -2.4 to
-2.48 V which increased VDS from 0.32 to 0.57 V, which in turn resulted in the response
amplitude changing from 17 to 65 μV. The results are shown in 5.17b. The response

Figure 5.18. Sensor response to 1000 ppm H2 over six cycles for different laser power settings.
With a reduction in laser power from 200 µW to 35 µW, the sensor response changes from 230
µV to 46 µV, while the SNR decreases from 90.8 to 59.1.

amplitude (45 μV) corresponding biasing condition of VDS = 0.45 V matches closely with
that of previously recoded values for VDS = 0.44 V as shown in Figure 5.10(a). SNR also
increased from 21.2 to 23.5 as the biasing condition was increased from VDS = 0.32 V to
VDS = 0.57 V.
The pulsed laser power as well as functionalization layer thickness are additional
parameters that were investigated to tune the sensitivity toward H2 detection. Figure 5.18
shows the responses to 1000 ppm H2 exposure over multiple cycles with the laser power
lowered from 200 to 35 μW in 5 steps. We find that the response amplitude diminishes
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monotonically from 230 to 46 μV with SNR also reducing from 90.8 to 59.1. We also note
here that the overall laser power used for our detection experiments is much lower
compared to that needed for SPR based sensing, which is typically 1 – 2 orders of
magnitude higher, in the range of several mWs. [86] We observed that the Pd
functionalization layer thickness also has a direct and strong influence on the sensor
sensitivity. Figure 7 shows the device response in terms of ΔVDS for different thickness of
the Pd functionalization layer when exposed to 1000 ppm H2. While there was no response
to H2 when there was no Pd nanolayer, as expected (thicker Pd layer simply provides more
interstitial

Figure. 5.19. (a) Device responses (oscillation amplitude changes) to 1000 ppm H2
exposure for 45 s for different thicknesses of Pd deposition. No response is observed
prior to Pd deposition, while the response magnitude rises to 29 and 38 µV after 1 and
1.5 nm of Pd deposition, respectively. SEM image of a (a) 1 nm and (b) 1.5 nm Pd
coated device surface showing discontinuous film of Pd nanostructures, with larger
islands of Pd nanoparticles in case of 1.5 nm.
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spaces for H2 to be adsorbed producing higher amplitude) the response amplitude
increased with increase in thickness, which was 29 μV for 1 nm Pd and rose to 38 μV,
when an additional 0.5 nm Pd was deposited. Higher Pd layer thickness led to further
increase in the signal amplitude, but also made the device more unstable, as the deposited
metal began to short out the source, gate and drain metal contacts. Overall, an optimal
performance was observed for a Pd thickness of 1.5 nm. High magnification SEM images
of 1 and 1.5 nm Pd coated device surface have been included in supplementary figure 5.19b
and c, which indicate significantly larger surface coverage by the Pd nano-structures for
the 1.5 nm Pd coated device. Larger surface coverage would lead to higher adsorption of
H2 [51] which coupled with the higher plasmonic amplification, exhibited through higher
resonance amplitude measured (see Figure 5.8), leads to higher detection sensitivity.
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Chapter 6

High Breakdown Voltage β -Ga2O3 Diodes

6.1 Introduction to High Power Schottky Barrier Diodes
More efficient power electronics are on high-demand in the power electronics
industry to reduce energy costs and ensure stable energy supplies. Since silicon based
power devices are reaching their operational limits, researchers are continuously looking
for new materials capable of enduring higher operating voltages and currents. Wide
bandgap (WBG) materials are the best candidates due to their higher breakdown voltages
and lower on-resistances, which leads to a lowering of power-switching losses. [1] The
power devices based on WBG semiconductors can also be operated at high temperatures
than their silicon counterparts due to reduced thermal generation due to their wide bandgap
and typically higher thermal conductivities. [2-3] Thus, WBG semiconductors, such and
GaN and SiC have received considerable interest in realizing high power diodes and
transistors over the last couple of decades. However, these materials still face number of
challenges including materials reliability affecting high voltage operation and high cost
impeding mass production. While single crystal silicon substrates can be grown from the
melt using standard crystal growth techniques in large sizes with extremely high crystal
quality, SiC and GaN substrates cannot be grown from melt, which dramatically increases
their cost. Additionally, SiC substrate has defects which propagates through epitaxial SiC
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layers, and GaN grown on non-native substrates such as Sapphire, SiC or Si, which
severely limits the power handling capability of the power devices as well as their
reliability.
Ga2O3 is an emerging WBG semiconductor with excellent promise in realizing
power electronic devices. [4-5] Its bandgap (4.8 – 5.1 eV) is significantly larger that both
SiC and GaN and allows it to handle much larger electric fields, which in turn gives a
substantially high Baliga Figure-of-Merit (FOM) for power devices; almost 4 – 10 times
larger than those of SiC or GaN.[6-7] In addition, unlike GaN and SiC, single crystal Ga2O3
can be grown by standard melt growth methods that are favorable for standard mass
production of power devices. One known issue for Ga2O3 is the lack of p-type doping,
which although limits the range of realizable power devices, a great number of single
carrier type devices are still possible, and has been recently demonstrated, including
Schottky barrier diodes (SBD), [8-10] metal-oxide-semiconductor field effect transistors
(MOSFET),(11) metal-semiconductor field effect transistors (MESFET), [12] and highelectron-mobility transistor (HEMT).[12-13] Green et al. obtained breakdown fields up to
3.8 MV/cm with Ga2O3-based MOSFET which is even higher than those of SiC (~0.6
MV/cm) and GaN (3 MV/cm) theoretical breakdown values. [14] Exceptional results have
also been obtained from several vertical geometry β- Ga2O3 SBDs with breakdown
voltages exceeding 1 kV. [15-16] The vertical Ga2O3 based Schottky diode by Yang et al.
showed a breakdown voltages of 1076 V with excellent Schottky characteristic exhibiting
near unity value (1.03) ideality factor obtained at room temperature as well as at 200 °C.
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In contrast with vertical schottky diode, the lateral ones offer a planar geometry that
can be batch fabricated easily and be completely isolated from one another. Additionally,
since only the epitaxial layer is important for device operation, the device layer structure
can be thin and can be realized on thin flexible substrate leading to much faster heat
removal through the substrate, while also offering lower cost of materials. Very recently,
exfoliated β- Ga2O3 nanomembranes, which were previously used in field effect transistors
(FETs) as channel material, [17] have been used to fabricate lateral type SBD. [18] The
resulting breakdown voltage was enhanced to a record breaking 3 kV with the use of a field
plate,[19, 20] which is much larger than that reported for the non-field-plated β-Ga2O3
nanomembrane channel based SBD.[18] Unfortunately, the mechanically exfoliated βGa2O3 nanomembranes were deposited through a solvent based transfer process, which
makes it challenging for mass production. On the other hand, epitaxially grown β-Ga2O3
thin film based lateral structure SBD have remained relatively unexplored. In 2016, Zhang
et al. [21] investigated a single crystal β-Ga2O3 lateral structured SBD to analyze the deep
level defects in the bandgap of β-Ga2O3. In 2014, Splith et al. [22] investigated the Cu
Schottky contact on a heteropitaxial layer of β-Ga2O3 utilizing a lateral structure.
However, none of these groups explored the reverse bias characteristics of the SBD beyond
-3 V or breakdown in these devices. [23] In this article, for the first time, we have
systematically investigated a lateral type β-Ga2O3 thin film based SBD with breakdown
voltages exceeding -100 V, and compared with a vertical type β-Ga2O3 SBD fabricated
from the same wafer, side by side. The lateral SBD demonstrated much higher breakdown
voltage that the vertical one, but had much larger on resistance. The schottky barrier height
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for the Ni/Au contact was determined from C-V and I-V measurements, which was found
to agree quite well with previously reported values.

6.2 Fabrication Steps for β-Ga2O3 Schottky Diodes
The substrate used in this work for SBD fabrication was a Si-doped (100) 6° offcut β- Ga2O3 grown at Leibniz Institute of Crystal Growth (IKZ) by Czochralski method
with donor concentration (ND) 2-3×1017 cm-3. The substrate is ~ 450 μm thick and the
epitaxial layer has a thickness of ~290 nm, which is unintentionally doped with Si during
the growth process. The samples were cleaned following a conventional cleaning method;
first with acetone and isopropyl alcohol to degrease the samples and then by deionized
water. To fabricate the lateral Schottky diodes, Plasma Enhanced Chemical Vapor
Deposited (PECVD) silicon oxide was used as the masking layer, to selectively etch the
top UID layer for annular ohmic contact formation. The inductively coupled plasma
etching of UID layer was carried out using 20 sccm of BCl3 gas flow, with source and bias
powers of 200 watts and 32 watts respectively.[24] This was followed by electron-beam
evaporation of titanium (50 nm)/ gold (300 nm) (Ti/Au) [25, 26] to form the annular ohmic
contact with the substrate, followed by rapid thermal annealing in the presence of N2 at 450
°C for 1 min. [27] Finally, a circular shaped nickel (20 nm)/gold (150 nm) Schottky contact
was deposited, using the E-beam evaporation.[28] Figures 6.1 (a) and (b) show the
schematic diagrams of vertical and lateral Ga2O3 Schottky diodes, respectively.
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Figure 6.1. Schematic drawing of (a) a vertical Schottky diode, and (b) a lateral Schottky diode
with Schottky contact formed on unintentionally doped (UID) β-Ga2O3 thin film layer.

6.3 β-Ga2O3 Material Properties
Figure 6.2 shows the atomic force microscope (AFM) image of the UID surface of
the Ga2O3 sample exhibiting a topography with rms roughness of 1.4 nm. Several irregular
and uneven features can be seen, which gave rise to a much higher rms roughness than
expected for these layers from the literature (typically ~0.3 nm [29-31]) indicating material
quality issues in the epitaxial layer. In fact, roughness of AFM image taken from a different

Figure 6.2. AFM image of bare β-Ga2O3 sample. The rms roughness is ~ 1.3 nm. The vertical
scale bar is 9.36 nm.
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area of the sample that does not have those uneven features was found to be 0.3 nm, which
is consistent with the values reported in the literature.[30, 32-34] . Fig. 6.3 shows the x-ray
diffraction results on a β-Ga2O3 epitaxial film grown on Sapphire substrate. Clear peaks
corresponding to the substrate and 3 different orientations (-201, -402 and -603) of β-Ga2O3

Figure 6.3. XRD on a bulk β-Ga2O3 sample grown by SMI Inc. on Al2O3

are clearly shown in the picture.

Figure 6.4. (a) Optical image (top view) of a vertical diode, showing the diameter of the
Schottky contact to be 210 μm. (b) Optical image (top view) of a lateral diode showing the
annular ohmic contact and a circular Schottky contact in the middle. The gap between the
Schottky and Ohmic contact is ~130 μm, while the Schottky contact diameter is 100 μm.
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6.4 Lateral and Vertical Schottky Barrier Diodes
Figures 6.4 (a) and (b) show the optical images of the vertical and lateral device
structures corresponding to the schematics in Figures. 1(a) and (b). The diameter of the
Schottky metal contact on the 290 nm epilayer is 100 μm, which is similar to the
dimensions Ga2O3 devices reported in the literature, where the diameter typically ranges
from 100 to 300 μm. [8, 29, 32, 35-36] For lateral SBD, the unetched circular UID layer
and the annular ohmic contact have diameters of 120 and 360 μm, respectively, The
Schottky contacts of the vertical SBD is slightly bigger than the Schottky contact of the
lateral SBD in this work with a diameter of 210 μm and also within the typical range of
dimensions reported in the literature. [16, 32, 36-37] Figures. 6.5 (a) and (b) show the
current density (J) vs. voltage (V) curve for the annular diode structure in linear and semilog scales respectively. While the linear plot portray a perfect switch characteristics with a
high breakdown voltage (˂ -80 V), the logarithmic plot reveals that the reverse bias current,
slowly increases from 10-3 to 10-2 mA/cm2 with increasing reverse bias, before finally
beginning to increase sharply beyond -80 V. And, taking value of reverse bias current of 3
× 10-3 mA/cm2 (valid over the reverse bias range of 0 to -20 V) as IOFF [Fig. 6.5(b) log
scale] and the forward bias current value at 2 V as ION = 490 mA/cm-2 [inset of Fig. 6.5(a)]
the ION/IOFF can be computed as ~1.63×105, which is very comparable to the Ga2O3 devices
reported in the literature.[33, 38] The ON/OFF ratio is a significant metric for a SBD that
is often used as a predictor of its switching performance. This indicates that the diode
performance is quite good although the material quality may have resulted in the high
contact and semiconductor resistances. Fig. 6.5(c) and (d) show the J-V curves of the
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vertical SBD structure in linear and semi-log scale, respectively. The reverse breakdown
voltage for the vertical SBD, although not shown (any of these devices sometimes did not
recover from breakdown especially those with large reverse current, so this was not pushed
to breakdown) is typically only a few V (see discussion on the diameter dependence of
reverse bias breakdown below). The on resistances (RON) were estimated from the slope of
the linear region in the J-V plots and calculated as 1260 mΩ.cm2 and 85 mΩ.cm2 for lateral
and vertical devices, respectively. The calculations are shown in the insets of Figs. 6.5(a)
and (c) respectively. These values are much higher than those reported on Ga2O3 schottky
barrier diodes (SBD) that can go down to a few mΩ.cm2.[16, 32, 37]). Such large deviation
can again can be attributed to the material quality of the Ga2O3 layers. To investigate any
influence of schottky contact diameter on the VBR of vertical diodes (fabricated on another
substrate), the VBR values for three vertical SBDs with different sizes of schottky contacts
(diameters of 100, 150 and 300 μm) were measured, and are shown as the inset Fig. 6.5(c).
We find that the VBR values remain relatively unchanged with the diameters of the contact.
Thus, we conclude that the difference in reverse bias voltage between the lateral and
vertical devices (where the lateral device has a smaller diameter than the vertical device)
is not significantly affected by the difference in their size, but mostly by their geometry as
discussed below.
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Figure 6.5. (a) Current density vs. voltage (J-V) plot of a lateral geometry Schottky barrier
diode. Inset shows calculation of RON from the J-V plot, which is determined to be 1260 mΩ.cm2.
(b) J-V plot of the same device plotted in semilog scale. Inset shows exponential rise in current
beyond -80 V, which is considered as the breakdown voltage. (c) J-V plot of a vertical geometry
Schottky barrier diode. Inset shows calculation of RON from the J-V plot, which is determined
to be 82 mΩ.cm2. (d) J-V of the vertical device plotted in semilog scale showing continuous
increase in current from which VBR < -5 V is estimated. Inset shows breakdown voltage for
vertical diodes plotted against Schottky contact diameter.
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6.5 Current Conduction Mechanisms in Lateral and Vertical Diode
Structures
To explain the differences in VBR and RON for the vertical and lateral SBDs we
consider the current flow path in these two device structures. In lateral devices, in forward
bias, the current is expected to flow mostly laterally, confined to a small depth near the
surface, over a distance of ~130 µm, which is the distance between the ohmic and schottky
contacts in the lateral device [see Fig. 6.1(b)]. In reverse bias, the reverse bias voltage is
expected to drop across this same path length. The conductive path for the lateral SBD is
shown schematically in Fig. 6.6(a). On the other hand, the conductance path for the vertical
devices mostly consists of a vertical cylinder through the UID, which offers most of the
resistance, and a more conical structure in the conductive substrate of much smaller
resistance. In reverse bias, the voltage will be mostly dropped across the UID layer, which
will determine the reverse bias breakdown voltage. The conductive path for the lateral SBD
is shown schematically in Fig. 6.6(b). Comparing the two structures in Fig. 6.6(a) and (b),
we find that the long conduction path through the highly resistive UID layer of ~130 μm
length between the Schottky and the Ohmic contact, is expected to result in a much higher
on-resistance for the lateral SBD compared to the vertical one that only has about 0.3 µm
of UID path. On the other hand, the same long path length, under reverse bias can reduce
the peak electric field very significantly for the lateral SBD compared to the vertical one,
thus resulting in much higher breakdown voltage for the former. It should however be noted
that the current crowding phenomenon at the corners of the UID layer in the lateral diode
structure, can lead to a spike in the electric field at the edges of the schottky contact [as
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shown in fig. 6.6(a)], which can lead to a reduction in the expected breakdown voltage.
Nonetheless, the trends in reverse breakdown voltage and on-resistance should be generally
valid, which was observed experimentally. The breakdown field in the vertical SBD can
be calculated considering the reverse breakdown voltage of at least -6 V dropping across
the 0.29 µm UID Ga2O3, which yields a breakdown field of ~2 x 105 V/cm, which is an
order of magnitude smaller than the breakdown field of β-Ga2O3 with a value of 8x106
V/cm [16, 35, 39]. This could again be related to poorer material quality of the Ga2O3
layers.

6.6 Schottky Barrier Diode Characterization
The Schottky barrier height between the Ti-Au schottky contact and β-Ga2O3 was
also estimated by both Capacitance-Voltage (C-V) and the J-V characteristics. The
capacitance voltage relationship for Schottky barrier is given by 𝐶𝐶 = 𝐴𝐴 [

ɛ𝑠𝑠 𝑞𝑞 𝑁𝑁𝑑𝑑

2(𝑉𝑉𝑏𝑏𝑏𝑏_𝑐𝑐𝑐𝑐 −𝑉𝑉−𝑘𝑘𝑘𝑘�𝑞𝑞

]

,[40, 41] where A is the Schottky contact area, V is the applied voltage, Nd is the ionized

donor state, ɛs is the dielectric constant of β-Ga2O3 and Vbi_cv is the built-in potential. The

Figure 6.6 (a) Electric field lines under reverse bias for the lateral Schottky diode structure. The
field lines are lateral between the Ohmic and the Schottky contacts, mostly confined to a small
depth from the surface. Current crowding is expected at the edges of the Schottky metal contact.
(b) Electric field lines under reverse bias for the vertical diode structure.
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experimentally measured values of 1/C2 is plotted against the applied voltage V in Fig.
6.7(a), from which the built-in potential Vbi_cv can be determined from the x-intercept V0 using
the relationship V0 = Vbi_cv – kT/q. [8, 42]
The value of V0 comes out to be ~1.15 eV from Figure 6.7a, and thus, the Vbi_cv turns out to be
~1.176 V at room temperature. The built-in voltage can also be approximately determined from the

Figure 6.7. (a) 1/C2 Vs. Voltage plot from C-V measurement of lateral Schottky diode. The X
intercept represents the built-in potential. From the Figure, the built-in potential is ~ 1.15 V. (b)
Built-in voltage approximation from J-V curve of lateral Schottky diode. Vbi-jv for a Schottky
diode is ~ 1.15 V. Inset shows the built-in potential approximation using J-V curve for a vertical
schottky diode. (c) Doping profile of the Ga2O3 structure as derived from the C-V analysis. The
uniform doping concentration is n = 1.76 × 1017 cm-3.
J-V characteristics of the diodes by extrapolating the forward bias current density J to zero and
noting the x-axis intercept.[8, 42, 43] The intercept values for both the lateral and vertical SBDs
can be found from Fig. 6.7(b) and its inset to be ~1.15 V. This estimate matches very well with that
from the C-V measurements. The Schottky barrier height (SBH) can be determined from the
relationship, ɸ𝑏𝑏 = 𝑞𝑞𝑉𝑉𝑏𝑏𝑏𝑏 + (𝐸𝐸𝐶𝐶 − 𝐸𝐸𝐹𝐹 ). Assuming the effective mass of electron (m*) to be 0.34m0,
the (𝐸𝐸𝐶𝐶 − 𝐸𝐸𝐹𝐹 ) value has been reported by several groups to be ~0.1 eV,[10, 44, 45] , which makes

the SBH on these diodes ~1.25 eV, which matches very well with the values reported in the
literature for Ni schottky contact on (100) β-Ga2O3.[46, 47] It should also be mentioned that the
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SBH of Ni schottky contact on (010) β- Ga2O3 has generally been observed to be ~1.55 eV,
irrespective of the schottky contact metal (i.e. Ni, Pd, or Pt), [10, 45] which is ~0.3 eV higher
compared to (100) and (̅201) β- Ga2O3, and has been attributed to possible surface Fermi level
pinning in the (010) layer. [10, 45] The C-V method also yields the free carrier density as a function
of depth from the relations:[48]
𝑛𝑛𝐶𝐶𝐶𝐶 =

𝐶𝐶 3 𝑑𝑑𝑑𝑑
,
𝑞𝑞ɛɛ0 𝑑𝑑𝑑𝑑

𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧𝐶𝐶𝐶𝐶 =

ɛɛ0
𝐶𝐶

,

(1)

where C is the measured capacitance per unit area. Equation (1) was used to determine the carrier
density nCV as a function of zCV by eliminating C, and the corresponding plot is shown in Fig. 6.7(c).
Carrier concentration only up to z = 3.5 μm is shown in the figure, as it becomes very noisy
afterwards, where the capacitance became too small to measure accurately. From Fig. 6.7(c) carrier
density is found to be varying around an average value of ~1.76 × 1017 cm-3 although with larger
depth it became quite noisy. Nonetheless, the average value agrees very well with the value
provided by the wafer manufacturer (2 – 3 × 1017 cm-3) as discussed above.
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Chapter 7

Conclusions and Future Work
We have investigated the deflection sensitivity of AlGaN/GaN embedded piezoresistive
GaN microcantilevers, with ultra-high value of GF. We have also demonstrated strong
enhancement

in

photoacoustic

signal

measured

using

piezotransistive

GaN

microcantilevers arising out of plasmonic absorption in Au metallization and
nanostructured films. While nanoscale Au deposition facilitated signal enhancement by
350-fold, deposition of Ni resulted in no amplification but reduction in the photoacoustic
signal, underlining the unique plasmonic absorption by Au nanostructures. IR imaging
across the boundary on a partially Au coated sample clearly established that the
temperature rise is related to plasmonic absorption in the Au nanostructures that resulted
photoacoustic signal enhancement. we have also successfully demonstrated highly
sensitive PA detection of Hg vapor, NH3 and H2 utilizing plasmonic excitation in metal
nanostructure functionalized GaN piezotransistive microcantilevers. Detail mechanism of
Pd nanostructure based H2 detection has been studied. Several methods for optimizing
sensor performance have also been discussed in detail. The feasibility of sub-ppm level H2
detection has been demonstrated, which is a much superior detection performance than
widely used SPR, while also avoiding the latter’s cumbersome detection methodology. The
high detection sensitivity originates from a combination of surface work function change
of the Pd NPs and a change in their plasmonic absorption spectrum, and exhibits a much
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better detection performance compared to chemi-resistive and chemi-diode sensors
integrated in the HFET. The PA detection sensitivity was also found to be quite easily
tunable, exhibiting strong dependence on Pd layer thickness, biasing conditions and probe
laser power. The device performance was found to improve, when the H2 test gas was
diluted in air with significant moisture content.

7.1 Specific Contributions

This dissertation research led to the following novel contributions:
•

The first ever demonstration of PA amplification using plasmonic absorption as
detected using highly sensitive GaN piezotransistive microcantilevers. A highest
amplification by 48 orders of magnitude due to the absorption of 5 nm surface
deposited Au nanostructures in the near IR region.

•

The first ever demonstration of photoacoustic analyte sensing utilizing the
difference in plasmonic absorption due to analyte adsorption, which creates a
difference in the PA strength which is readout in terms of electrical signal at the
HFET output of the piezotransistive GaN microcantilevers.

•

It reports the lowest ever limit of detection (LOD) in H2 sensing among the best
reported values across different technologies utilizing the highly sensitive piezo
transduction of GaN microcantilevers.
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•

It also demonstrates the tunable sensitivity of the microcantilever device with laser
power, biasing condition and plasmonic layer thickness. The sensor has been
shown to exhibit considerable sensitivity at much lower power of the laser that what
is used in other optical, or Surface Plasmon Resonance (SPR) based H2 sensors.

•

It presents a simple model explaining the mechanism behind analyte sensing
utilizing the difference in absorption due to the adsorption of analyte on the
plasmonic nanoparticles, which is then detected using the AlGaN/GaN
heterostructure based GaN microcantilevers.

•

It demonstrates the first ever β-Ga2O3 thin film based lateral Schottky Barrier
Diode structure to withstand much higher breakdown voltage compared to
vertical structure counterparts to show much higher breakdown field is achievable
by simple optimization in the diode structure.

7.2 Future Work
The future direction for this research can be broadly divided in to two categories:
1)

Miniaturization of the or system to develop a system-on-chip:
The full potential of these highly sensitive sensors can only be unfolded

through miniaturization. This would pave the way of commercial applications for these
sensors. Figure 7.1 shows a picture of a system on chip for the triangular cantilever-based
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volatile organic compounds (VOC) sensors. A similar compact form of system can also

Figure 7.1 System on chip for triangular cantilever-based VOC detection system

be achieved with further probe into the following fields, which will direct the future
course of this research.
•

Lock-in on chip: The lock-in amplifier forms is the absolute heart of the sensor
systems, enabling detection of small changes in ∆VDS. Figure 7.2 shows a single
chip based lock-in amplifier. Sensing device responses after integrating them
with the single chip based lock-in amplifier will be the first step towards
miniaturization

•

Investigation in LED based detection: it has been demonstrated in chapter 5
that the devices can operated at very low power (~35 µW) and still exhibit
considerable sensitivity. Sensor responses under LED illumination should be
investigated as the use of LED instead of a laser would ease the packaging of
the system.
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Figure 7.2 Single chip lock-in amplifier [1]

•

Vacuum packaging for enabling higher sensitivity: The quality factor of the
devices are increases by orders of magnitude under vacuum or low pressure. [1]
Figure 7.3(a) shows the individual resonance responses at 5 distinct pressures.
Fig. 7.3(b) represents the 4 low pressure responses more clearly with a narrower
frequency range. With decreasing pressure the resonance responses get
narrower, thereby increasing the quality factors (QF) by orders of magnitude.
The inset of Fig. 7.3(b) shows the QF values with more data points, where the

Figure 7.3(a) Resonance responses at (a) 5 distinct pressure sand (b) 4 distinct pressures with
a narrower frequency range. Inset shows the quality factor values plotted with pressure.
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pressure varies from atmospheric to a few µTorr while the QF increased by ~2
orders of magnitude. Hence, by vacuum packaging the devices, their sensitivity
can be enhanced further.

2)
•

Extension Widen the spectrum of analyte sensing:
Characterizing more functionalization layers for detecting toxic analytes:
To enable a wide variety of analyte sensing, more functionalization nanolayers
that exhibit plasmonic absorption and act as the sensing material for analytes,
need to be characterized. A simple wafer-based characterization technique can
be utilized to identify the specific sensing material for a particular analyte,
where the nanolayer will act a chemi-resistor whose change in resistance will
be tracked upon analyte exposure. Through IR imaging of the same nano-layer,
the plasmonic absorption can be identified.

•

Enabling the detection of liquid analytes:

Figure 7.4 Schematic of a PA chamber to detect gaseous analytes using
piezotransistive GaN microcantilevers.

Figure 7.4 (a) shows a blood drop deposited at the base of the cantilever. Figure
7.4(b) shows immediate reduction in the resonance amplitude of the cantilever,
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due to the deposition. The response when the cantilever is deposited with
plasmonic nanoparticles should be investigated.
•

Enabling PA chamber based environmental particulate sensing: PA based
detection systems have been a popular way of chamber-based detection [2].
Utilizing a PA chamber (as shown in Fig. 7.5) the application field of our highly
sensitive piezotransistive GaN microcantilevers sensors can be extended into
gaseous medium as well. The full potential of these sensors can be realized only
when solid, liquid and gaseous analytes are detected with significant sensitivity.
The chamber-based system would follow the simple principles described
below:

i)

PA wave is created by a pulsed (at FR of the cantilever device) laser after
being absorbed by the analyte in the chamber

ii)

The inside of the chamber is highly reflective to facilitate multiple reflection.
Standing wave is created by adjusting the length of the chamber (l=λ/2)

iii)

The device is placed at the wave maxima

iv)

Signal is detected at drain source terminal of the HFET at the base of the
microcantilever
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v)

CH4, CO2 can be detected at IR, NH3 can be detected at UV as well as at IR

Figure 7.5 Schematic of a PA chamber to detect gaseous analytes using piezotransistive GaN
microcantilevers.
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